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ABSTRACT
The majority of retrotransposons, mobile elements which move around the genome using
an RNA intermediate, insert into their host genomes using target-primed reverse transcription
(TPRT). Two of the most well-studied types of active retrotransposons in primates are L1s
(Long Interspersed Element-1) and Alu elements. Both preferentially insert using TPRT, and
these insertions can create genomic rearrangements and contribute to genome fluidity. Recent
analyses have shown that L1s and Alu elements can insert using a variety of non-canonical
mechanisms, including a DNA double-strand break repair pathway. Increased understanding of
the mechanisms by which mobile elements insert into host genomes can help us examine why
they are tolerated.
We surveyed non-canonical insertions using the human, chimpanzee, orangutan, rhesus,
and marmoset genomes. Using both computational data mining and experimental verification,
we have attempted to provide clear examples of the different mechanisms for these insertions
and discuss their implications. In the first analysis, we assessed 23 non-classical Alu element
insertions into primate genomes. These insertions left characteristic atypical sequence hallmarks
since they did not use the typical L1 endonuclease cleavage site to insert into the host
genomes. Mobile elements are largely considered disruptive to genomes, creating instability, but
also generating diversity. In relatively rare cases, such as non-classical insertions, mobile
elements may play a positive role in genomic stability by patching DNA double-strand breaks.
Next, we examined both L1 and Alu elements in the context of internally primed insertions,
resulting in characteristics similar to, but distinguishable from, classical TPRT. These twenty
insertions provided support for the suggested lack of fidelity attributed to reverse transcriptase.
We then characterized thirty-nine loci in our third analysis, which appear to have resulted from a
variant of twin priming, itself a permutation of classical TPRT. The mechanisms by which
vi

mobile elements insert can offer insight on how mobile elements evade host defenses. Though
this research is limited to primate genomes, the resulting understanding of the mechanisms at
work is applicable to retrotransposons in general.
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CHAPTER ONE:
BACKGROUND

1

In 2001 the first working draft of the human genome was made publicly available
(Lander et al. 2001). This draft genome provided researchers with a starting point to study what
makes humans human. Soon thereafter the chimpanzee and rhesus macaque genomes were
published, both of which provide reference points from different levels within the primate
phylogenetic tree with which to study humans and their nearest relatives (TCSAC 2005;
(RMGSAC) 2007). In 2007 the orangutan genome became available (BCM Genome Sequencing
Center). This filled a gap between the chimpanzee, which diverged from humans ~6 million
years ago (6mya) and Old World monkeys as represented by the rhesus macaque genome, which
diverged from humans 25mya (Lander, Linton et al. 2001; TCSAC 2005; (RMGSAC) 2007;
Zischler 2007). Soon the marmoset will be added to the growing number of complete primate
genomes, providing a New World Monkey outgroup (~40mya) (Mansfield 2003; Mansfield K
2004). With each additional primate genome completed, we gain a better understanding of the
differences between primates and the role repetitive elements have played in shaping their
genomes (Gagneux and Varki 2001).
Since these primate genomes have been sequenced, the techniques used in repetitive
DNA studies have been refined. Original studies using display PCR followed by Sanger
sequencing, have given way to new sequencing technologies and better computational search
techniques (Sanger and Coulson 1975; Roy et al. 1999; Batzer and Deininger 2002; Cordaux
2009). Using Illumina Solexa, ABI SOLiD, and Roche 454 sequencing, researchers can find
repetitive elements more quickly, though these technologies have their own disadvantages (high
cost, shorts reads, base accuracy is poorer than Sanger sequencing, and cannot be used for de
novo sequence assembly) (Morozova and Marra 2008). Research is also underway to find a way
to barcode individuals and identify which individual each mobile element insertion belongs to.
Regarding computational search techniques, a “peck and hunt” method, RepeatMasker, and
2

Censor (GIRI) have simplified searching for mobile elements in their genomic context (Smit
1996-2004; Kohany et al. 2006). Another new concept, p-clouds, is looking into the “dark
matter” of DNA to identify previously uncharacterized mobile elements using probability clouds
(Gu et al. 2008). Galaxy and Taverna have also made it easier to query genomes, allowing nonprogrammers the ability to access and manipulate the large amounts of genomic data available
(Schattner 2009). DNA sequencing technology has become less expensive and more expansive
in the last ten years and will continue to decrease in cost and increase in ease-of-use until a single
human genome can be sequenced for ~$1000 or less (Lander, Linton et al. 2001; Shendure et al.
2004; Dalton 2006; Mardis 2006). As genomic data is becoming more available, the study of
repetitive elements and their associated genomic variation has become easier.
The field of genetics has changed a great deal since finding that genomic DNA is largely
repetitive. In the 1940‟s and 50‟s Dr. Barbara McClintock discovered and wrote a paper on
transposition events in maize (McClintock 1950; McClintock 1956). Her seminal research and
discovery of Dissociator (Ds) and Activator (Ac) elements in maize led to her receiving a Nobel
prize in 1983 (McClintock 1950; McClintock 1956; McClintock 1987). Her discovery led to
interest and growth in the field of mobile elements and how they have affected gene regulation
and the evolution of genomes (McClintock 1953; McClintock 1984). In the 1970‟s, DNA
renaturation kinetics studies showed that much of the nucleic acid in a genome was highly
repetitive (Wetmur 1976). By shearing the DNA, denaturing it, and then measuring the level and
rate of reassociation, it is possible to see how much DNA is repetitive versus single-copy (Batzer
and Deininger 2002; Cordaux 2009).

As scientists began to learn more about repetitive DNA,

some began to propose that differences in species could result from genomic differences due to
repetitive elements (Batzer and Deininger 2002). These studies provided a possible explanation
for the “C-value paradox”, wherein there is extensive variation in the genome size of an
3

organism, regardless of complexity (Rosbash et al. 1974; Zuckerkandl 1976). The discovery that
the human genome is only ~1.4% protein-coding with much of the DNA in the genome
appearing to be non-functional, being comprised of “junk DNA”, led to a surge in interest in
repetitive element biology (Lander, Linton et al. 2001; IHGSC 2004; Brookfield 2005).
Much of this so-called “junk DNA” actually consists of small pieces of DNA with the
ability to move within the genome; they are also called transposable elements (TEs) (Britten and
Kohne 1968; Lander, Linton et al. 2001). TEs are found in genomes ranging from bacteria to
humans, and contribute varying portions of their genomes (~2% to ~30% respectively) (Lander,
Linton et al. 2001; Campbell 2002; Roy-Engel et al. 2002; Cordaux 2009). TEs can be divided
into two broad categories based on their movement characteristics. DNA transposons move by a
cut and paste mechanism, and retrotransposons move by a copy and paste mechanism (Mizuuchi
1992; Smit and Riggs 1996; Batzer and Deininger 2002).

DNA transposons, using transposase,

excise themselves from the original site and insert into a new site in the genome. Due to the “cut
and paste” nature of their insertions, these elements have not accumulated to the extent of
retrotransposons.
Mobile elements are ubiquitous in primate genomes. As a consequence of the copy and
paste mechanism, retrotransposons comprise large portions of mammalian genomes (~30% of
primate genomes), and therefore have a more prominent effect on genomic sequence architecture
(Smit 1996; Hattori et al. 2000; Lander, Linton et al. 2001). Retrotransposons, mobile elements
that move using an RNA intermediate, can be further divided into two categories based on
whether or not they encode some of the enzymatic machinery necessary for their own
mobilization: autonomous and non-autonomous. There are two classes of autonomous
retrotransposons, LTR (Long Terminal Repeat) and non-LTR. LTR retrotransposons synthesize

4

a double-stranded DNA intermediate, and can be used as a model system to study retroviruses
(Beauregard et al. 2008). Non-LTR autonomous retrotransposons, like the well-studied LINE-1

Figure 1.1. Mobile Element Tree. Mobile elements can be broken down into two large
categories, DNA transposons and retrotransposons. We focus specifically on retrotransposons,
which move by a “copy and paste” mechanism, and have resulted in millions of insertions in
eukaryotic genomes. Within the retrotransposon family there are two subcategories, autonomous
elements which code for their own enzymatic machinery, and non-autonomous elements, which
move using the enzymatic machinery of an autonomous element, or host machinery. The focus
of this dissertation are L1s, which are autonomous members of the non-long terminal repeat
(LTR) subfamily, and Alu elements, which are non-autonomous short interspersed elements
(SINEs), dependent upon L1 enzymatic machinery.
or L1 (Long INterspersed Element), encode their own endonuclease (EN) and reverse
transcriptase (RT) and use an RNA template (Boissinot et al. 2000; Beauregard, Curcio et al.
2008). Alternatively, non-autonomous retrotransposons do not encode their own enzymatic
machinery and are dependent on autonomous retrotransposon machinery to move throughout the
genome. They can be divided into two categories, SINEs (Short INterspersed Elements) and
SVAs (SINE-like region, Variable Number of Tandem Repeats region (VNTR), and a section
comprising a Human Endogenous Virus (HERV)-like region) (Cordaux 2009). SVA elements
5

are approximately 2kb in length and have been shown to transduce sequence when they move
throughout the genome. In one example they have transduced the acyl-malonyl condensing
enzyme 1 (AMAC1) gene three times (Xing et al. 2006).

Alu elements are members of the

SINE family; they do not encode their own enzymatic machinery and are dependent on L1s for
proliferation. L1s and Alu elements are abundant in varying degrees in primate genomes; they
are found in copy numbers exceeding half a million and 1.1 million respectively in the human
genome (Lander, Linton et al. 2001; Han et al. 2007; Cordaux 2009).
L1s (LINE-1) are bicistronic retrotransposons which encode for their own enzymatic
machinery, making them autonomous elements. These elements are widespread in eukaryotic
genomes and there are over half a million copies in the human genome. They account for 17%
of sequence in all primate genomes (Lander et al. 2001). This 6kb element is made up of a 5‟
UTR, ORF1 (open reading frame), ORF2, and a 3‟ UTR followed by a variable length poly (A)
tail and flanked by target site duplications (TSDs) (Kazazian and Moran 1998; Szak et al. 2002).

Figure 1.2. Example L1. This is a simple schematic of an L1; the L1 family emerged
~120million years ago (mya) (Smit et al. 1995; Khan et al. 2006). The shaded tan cylinders
denote the flanking sequence. Target site duplications (TSDs) are in sea foam and the 5‟ and 3‟
untranslated regions (UTRs) are in grey. Each ORF (open reading frame) is denoted by a
different color. They are separated by a 60bp intergenic spacer (IS). The entire element is
flanked 3‟ by a poly(A) tail of variable length shown in blue.
The 5‟UTR encodes an RNA Polymerase II promoter, while ORF1 encodes a protein with
nucleic acid chaperone activity and ORF2 encodes for the endonuclease and reverse transcriptase
enzymes (Mathias et al. 1991; Feng et al. 1996; Kolosha and Martin 1997; Cost and Boeke 1998;
6

Martin et al. 2003). The 3‟UTR also contains a polyadenylation signal (Cordaux 2009). This
L1-encoded enzymatic machinery is preferential to L1 RNAs and so is considered to work in cis
(Wei et al. 2001). However, these proteins are also used by non-autonomous elements to insert
copies of themselves into the genome (Kajikawa and Okada 2002; Dewannieux et al. 2003).
Alu elements, members of the SINE (Short Interspersed Element) family, are 300bp in
length and are considered non-autonomous because they must utilize exogenous enzymatic
machinery to insert into the genome. They hijack L1 enzymatic machinery only in trans rather
than in cis, and are considered “parasite‟s parasites” for this reason (Schmid 2003). These
elements are specific to the primate radiation, having originated ~65mya, and most primate
genomes contain at least 1 million copies (Batzer and Deininger 2002; Cordaux 2009).

Figure 1.3. Example Alu Element. Alu elements are ~300bp in length and are dimeric in
structure. The Alu element family emerged ~65 mya (Batzer and Deininger 2002). There are
two arms, the right and left Alu monomers (Quentin 1992; Batzer and Deininger 2002). The 5‟,
or left, monomer contains an internal A and B box which along with 27bp upstream of the
element, allow the element to have promoter activity. The 3‟, or right, monomer also contains A
and B boxes. This element, like the L1, also has a variable length poly(A) tail on it 3‟ end. An
element flanked by TSDs generally means insertion occurred via classical target-primed reverse
transcription.
While the majority of SINEs are tRNA-derived, Alu elements are derived from 7SL RNA and
encode an RNA polymerase III promoter (Ullu and Tschudi 1984; Okada 1991; Kriegs et al.
2007). They are often used for primate phylogenetic studies as the absence of an insertion is
considered the ancestral state, they are small in size, and they can be highly polymorphic within
populations (Ray et al. 2006).

7

L1 and Alu elements have a complex relationship with mammalian genomes, though
largely neutral, they can play both detrimental and beneficial roles in genomic variation through
repair of DNA double-strand breaks, X-chromosome inactivation, gene disruption and causing
disease states (Liu et al. 1995; Schmid 1998; Deininger and Batzer 1999; Boissinot et al. 2001;
Gilbert et al. 2002; Morrish et al. 2002; Schmid 2003; Brookfield 2005; Chen et al. 2005;
Cordaux et al. 2006; Cordaux et al. 2006; Han et al. 2007; Sen et al. 2007; Slotkin and
Martienssen 2007; Srikanta et al. 2009). Mobile element insertions are therefore important to the
understanding of our genome and those of other organisms as they have played a significant role
in shaping and sculpting host genomes. Insertion of a mobile element can lead to one of many
different outcomes; it can disrupt a gene, cause no change, create a disease state, cause insertionmediated deletion and alternative splicing (Batzer and Deininger 2002; Wheelan et al. 2005;
Hedges and Deininger 2007; Cordaux 2009). Insertions into certain parts of the genome do not
seem to be well tolerated. The majority of L1s tend to be in AT nucleotide rich regions, while
Alu elements tend to be in GC-rich regions (Hackenberg et al. 2005). Alu elements are found in
coding regions and tend to be intronic. Alu elements have been shown to cause alternative
splicing and respond to cellular stress, while L1s have been associated with exon shuffling and
transduction events (Moran et al. 1999; Speek 2001; Wheelan, Aizawa et al. 2005; Matlik et al.
2006; Babushok and Kazazian 2007). L1 elements have also been implicated in creating DNA
double-strand breaks and causing apoptosis and cellular senescence; L1 endonuclease has been
shown to create many more breaks than L1 elements fill (Wallace et al. 2008). Both L1 and Alu
elements tend to stay well conserved within their subfamilies but can undergo recombination,
exaptation, and inversion events (Feuk et al. 2005; Sen et al. 2006; Han et al. 2008; Lee et al.
2008). These insertions contribute to genomic diversity, and can affect the evolution of an
organism. As an example of their benefit, Neurospora crassa does not tolerate mobile elements,
8

and as such, does not undergo much recombination. Thus having mobile elements may be good
for diversity and the ability to evolve, and this lack of recombination indicates stasis (Oliver and
Greene 2009).

Figure 1.4. ME insertions and possible fates. Mobile element insertions can interact with the
host genome in many ways. They can alter gene expression, disrupt reading frames, disrupt
splicing, or create no disruption at all. Insertions have resulted in both the expansion and
contraction of host genomes. Both insertions and recombination events have lead to disease
states such as hemophilia and neurofibromatosis (Batzer and Deininger 2002). Intronic sequence
is highlighted in purple while exonic sequence is green. Splice patterns are indicated by /\ above
the lines and the arrows indicate mobile element insertions.
Just as retrotransposons work to evade host genome defense, the host genome has various
mechanisms to deter insertion events and/or silence retrotransposons. For instance,
apolipoprotein B-editing catalytic polypeptide 3 (APOBEC3), a protein involved in innate host
defense, can inhibit L1 and Alu retrotransposition (Bogerd et al. 2006; Hulme et al. 2007). Posttranscriptional silencing by RNAi, chromatin modification, DNA methylation, and germline
silencing using Miwi/Piwi are some other ways in which the host tries to suppress mobile
elements either through expression or insertion (Slotkin and Martienssen 2007; Sasaki and
Matsui 2008; Cordaux 2009). Retrotransposon sequences are highly methylated in host genomes
as the host tries to keep them transcriptionally silent (Slotkin and Martienssen 2007).
Understanding how retrotransposons insert could be significant in understanding their interaction
with the host genomes and the ways in which the host genome prevents insertion events.
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L1 and Alu elements move around the genome through retrotransposition, and insert into
the genome by a process known as target-primed reverse transcription (TPRT) (Figure 1.5)
(Luan et al. 1993; Luan and Eickbush 1995; Cost et al. 2002). During TPRT a first strand nick is
created at a loosely preferred endonuclease cleavage site (3‟ – AA/TTTT – 5‟). The Alu or L1
mRNA anneals to this nick site using the poly(A) tail and reverse transcription begins. A second
strand nick occurs and the mobile element fills in the break. This insertion event creates
structural features that are the hallmarks of the classical TPRT process: 3‟ poly(A) tail, target site
duplications, microhomology at the site of insertion, typical endonuclease cleavage site (Martin
et al. 2005; Zingler et al. 2005; Babushok and Kazazian 2007).

Figure 1.5. Classical target-primed reverse transcription (TPRT). A retrotransposon is
transcribed and exported from the nucleus. In the cytoplasm any translation and posttranscriptional modification occurs and then mRNA is packaged into a ribonucleoprotein (RNP).
L1s have a poly(A) tail added at this stage, but Alu elements are transcribed with their original
poly(A) tails yet can have some additional As added on by RNA pol III. It is believed that Alu
elements “piggyback” on the L1 RNP to reenter the nucleus and take part in TPRT.
In contrast to insertion events using classical TPRT, multiple non-canonical pathways
exist. These alternatives can be as simple as slight modifications to classical TPRT, such as twin
priming (a variant of TPRT involving two nick sites and an inverted L1 sequence structure), or
mechanisms bearing no resemblance to TPRT, like an endonuclease-independent insertion
pathway. As the host genome devises ways to keep insertions from occurring, L1 and Alu
elements find other methods to insert into the genome, exhibiting a great deal of flexibility
(Cordaux 2009). It has even been proposed that L1 and Alu elements can bridge DNA double10

strand breaks, thereby providing a positive role for mobile elements in the repair of the genome
(Morrish, Gilbert et al. 2002). Retrotransposons affect the genome through two broad
mechanisms: de novo insertions, which can lead to insertion mediated deletions and
transductions, and post-insertional recombination (Callinan et al. 2005; Han et al. 2005; Sen,
Han et al. 2006). My dissertation research focuses on how retrotransposons affect the genome
through a variety of de novo insertion mechanisms.
In chapter two, we present details of a recent study of Alu elements inserting into their
host primate genomes using an endonuclease-independent pathway (Srikanta, Sen et al. 2009).
A previous study had shown that L1 retrotransposons were able to use this mechanism and we
determined that Alu elements could as well. Analysis of the three primate genomes publicly
available at the time of this study (human, chimpanzee, rhesus macaque) led to the recovery of
twenty-three examples of recently integrated, endonuclease-independent Alu elements. We
suggest this mechanism could have a role in DNA double-strand break repair and results in
sequence characteristics recognizably different from those of TPRT-mediated insertions.
In chapter three, we analyze internally-primed L1 and Alu elements. Reverse
transcriptase, which generally transcribes from the poly(A) tail of a mobile element towards the
5‟ end, does not always show great fidelity in the tail (Srikanta et al. 2009). Previous cell culture
research has shown that there are atypical-looking TPRT-mediated insertions. In fact, these are
internally primed insertions, resulting in loci with the majority of the sequence characteristics
associated with TPRT. These insertions are qualitatively different from classical TPRT
insertions however, and our analysis of the human genome recovered twenty internally-primed
events. We conclude that these loci and the resulting characteristics could have resulted from
two possible mechanisms, internal priming, or staggered DNA double-strand break repair.
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In chapter four we propose a variant pathway of classical twin priming which in itself is a
variant of TPRT. The thirty-nine loci reported here exhibit unique sequence architecture,
appearing to be truncated inverted L1s flanked by TSDs, with a 5‟ homopolymeric thymine
stretch found within the TSDs. The sequence architecture seen could have resulted from a
variant of twin priming or possibly a mechanism we term dual priming, introduced here.
Candidate loci were identified through computational analyses of primate genomes (human,
chimpanzee, orangutan, rhesus macaque, and marmoset genomes). All loci were PCR-verified
and 20% were also subjected to Sanger sequence analysis. Homopolymeric stretches are
unstable and could be potential target sites for DNA breaks and/or retrotransposon insertions and
sites of microsatellite expansion (Arcot et al. 1995).
Understanding how retrotransposons have inserted into the genome, and trying to
elucidate why, can provide us with a better, deeper understanding of mobile element biology.
Researchers liken the dynamic tension between the host genome and TEs as an “arms race”
(Jurka et al. 2007). Greater knowledge of their interaction can allow us to harness these elements
for potential use in therapeutics and phylogenetic analysis, and provide another positive role for
elements once considered “junk” DNA (Yang et al. 2005). Though most mobile element
insertions are largely neutral, some are considered deleterious to their host genomes. There is an
ongoing debate on whether or not they could also play a beneficial role in general eukaryotic
evolution (Jurka, Kapitonov et al. 2007). While this dissertation is focused on the primate
lineage, the described insertion mechanisms can be applied to a broad range of retrotransposon
integration events across many lineages.
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CHAPTER TWO:
AN ALTERNATIVE PATHWAY FOR ALU
RETROTRANSPOSITION SUGGESTS A ROLE IN DNA
DOUBLE-STRAND BREAK REPAIR*

*Reprinted by permission of Genomics
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Introduction
Alu elements are ubiquitous members of the Short Interspersed Element (SINE) family of
mobile DNA elements, with copy numbers reaching ~ 1.2 million in the human genome and ~ 1
million in the rhesus macaque genome (Batzer and Deininger 2002; Han, Konkel et al. 2007).
Full length Alu elements are ~300bp long, are comprised of two monomers joined by a 32bp
poly-A region and possess a variable length poly-A tail (Batzer and Deininger 2002). Alu
elements lack any protein-coding capacity and are therefore non-autonomous retrotransposons,
that use the enzymatic machinery of another retrotransposon family, the L1 elements, for
integration into the host genome (Mathias, Scott et al. 1991). Although the vast majority of
genomic Alu integrations occur into non-coding sequence and have no phenotypic effect,
occasionally new integrants disrupt gene expression and function, and have been implicated in a
multitude of human diseases, including cancer, neurofibromatosis and hemophilia (Deininger
and Batzer 1999; Batzer and Deininger 2002; Callinan 2006; Hulme 2006).
The majority of genomic Alu integration occurs through a process termed target siteprimed reverse transcription (TPRT). During TPRT, the L1 endonuclease (EN) makes an initial
single-strand nick at a specific site in the host genome (generally approaching the motif 5‟-T2A43‟) and the Alu mRNA anneals to the nick site using its 3‟ poly-A tail. Next, the L1 reverse
transcriptase initiates reverse transcription using the Alu mRNA as a template. The second
strand of DNA is nicked downstream of the initial cleavage site creating staggered breaks, which
are later filled in by small (7-20bp) direct repeats on either side of the element, termed target site
duplications (TSDs) (Feng, Moran et al. 1996; Rudin and Thompson 2001). In the final two
steps, the order of which is not yet clear, the integration of the newly synthesized Alu cDNA and
synthesis of the second strand occur; the normal completion of TPRT results in creating unique
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structural hallmarks, i.e. intact TSDs and variable length poly-A tails (Luan, Korman et al. 1993;
Gilbert et al. 2005).
Mobile DNA capture has been attributed to novel chimeric genes, genetic rearrangements
and deletions within and around genes (Kass et al. 1995; Moran et al. 1996; Schmid 1998;
Britten et al. 2003; Chen et al. 2005; Cordaux, Udit et al. 2006). Recently, two analyses have
documented an alternative model of mobile DNA capture, an endonuclease-independent L1
insertion mechanism (Morrish, Gilbert et al. 2002; Sen, Huang et al. 2007) at DNA double-strand
break repair sites. This pathway, initially observed in DNA repair-deficient rodent cell lines
(Morrish, Gilbert et al. 2002), has subsequently been shown to also occur in the human genome
(Sen, Huang et al. 2007). As Alu mobilization utilizes L1 machinery in trans (Sakaki et al. 1986;
Skowronski et al. 1988; Feng, Moran et al. 1996; Ostertag and Kazazian 2001; Wei, Gilbert et al.
2001; Dewannieux, Esnault et al. 2003; Garcia-Perez et al. 2007), the possibility exists that the
non-classical endonuclease-independent insertion mechanism seen in the L1 family may also
occur with Alu elements (Hedges et al. 2004). To explore this hypothesis, we scanned the three
primate genomes that were publicly available at the time of analysis (human, chimpanzee, and
rhesus macaque). Through a combination of computational data mining and wet bench
techniques, we recovered 23 Alu elements that have exploited this alternative pathway of
integration, which we term non-classical Alu insertions (NCAI). In each case, we verified the
pre-insertion state of the locus by sequencing the orthologous position in an outgroup primate
genome, and confirmed that the loci lack the characteristic hallmarks of TPRT-mediated
insertions. We suggest that this mechanism may play a fortuitous role in genomic DSB repair.
Overall, our results support the hypothesis that endonuclease-independent mobilization of non-
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LTR retrotransposons in primate genomes may have implications for the maintenance of
genomic integrity.
Materials and Methods
Computational Screening and Manual Verification of Putative NCAI Loci
Classical TPRT-mediated Alu insertions are characterized by the presence of TSDs, L1
EN-cleavage sites falling within a limited spectrum of previously identified “preferred” motifs
(Morrish, Gilbert et al. 2002) and poly-A tails of varying length; the criteria used in the study
identified Alu insertions that were truncated 3‟ (lacking the poly-A tail), lacked TSDs, and did
not have the structural hallmarks of an EN-cleavage site (typical or atypical) (Luan, Korman et
al. 1993). By looking for structural features similar to those described in Morrish et al (2002)
and Sen et al (2007), the likelihood of finding false positives was reduced. To identify putative
NCAI loci, we modified the method outlined in Sen et al (2007) for detecting similar insertions
of L1 elements. We downloaded whole-chromosome annotation files tabulating all mobile
elements on each chromosome ( http://hgdownload.cse.ucsc.edu/downloads.html#human) for the
human (hg18) and chimpanzee (panTro2) genomes, and then using in-house Perl scripts, filtered
out all non-Alu sequence, leaving only Alu elements (TCSAC 2005). Next, to scan for truncated
Alu elements missing the poly-A tail that is used during classical TPRT-mediated integration, we
wrote a set of programs to locate those elements which had 3‟ truncations to positions numbering
276 or less, according to the 312bp AluY consensus sequence used by the RepeatMasker (RM)
software package at its default settings (Smit 1996-2004). We chose this 3‟ truncation limit to
account for fluctuations in the poly-A tail length and maximize the number of putative loci while
minimizing false hits. While the limit of 3‟ truncation that we specified is arbitrary in terms of
nucleotide position, we believe it is effective for the purpose of this analysis, as a manual
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inspection of putative loci attained by incrementally increasing the cutoff position from 276
towards the 3‟ end of an intact element leads to an increase in false positives without returning
any new loci fitting the criteria described above.
For the rhesus macaque genome (rheMac2), our strategy was slightly different due to the
unavailability of whole-genome repeat annotations and the difference in Alu subfamily structure
from the human and chimpanzee genomes. To locate putative NCAI loci in this genome, we first
created a custom Alu element library and ran RM with varying 3‟ truncation cutoff points to
account for the different sizes of Alu subfamilies in the rhesus genome, which vary between 255
and 267bp, not including the intergenic spacer or the poly-A tail ((RMGSAC) 2007; Han, Lee et
al. 2007).
Manual inspection of computationally detected loci involved extracting the putative
truncated Alu along with 5000bp of flanking sequence on both sides of each locus. Next, for any
one primate genome (i.e., human, chimpanzee, or rhesus), we used this sequence to query the
other two genomes using the BLAT software suite (http://www.genome.ucsc.edu/cgi-bin/) and
created a triple alignment at the locus to analyze the local pre-insertion and post-insertion
sequence architecture. In particular, we scanned for the presence of TSDs of any length and for
any target site deletions present in the pre-insertion sequence but removed during the Alu
insertion. By including the 5000bp to either side of the locus, we were able to investigate the Alu
element within the context of its flanking sequence and ascertain whether the element was truly
young and truncated. To avoid including TPRT-mediated Alu elements partially masked by
poly(N) stretches in the rhesus macaque genome, we only included Alu elements that were both
5‟ (15-25bp) and 3‟ (35-50bp) truncated and excluded all Alu fragments flanked by unknown
sequence. As we were only interested in relatively recent integrations for which we would be
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able to reconstruct the pre-insertion architecture from the other two primates, we discarded all
elements >2% diverged from their respective consensus sequences according to the RM
algorithm.
Loci matching all of the following five criteria were selected for experimental validation:
3‟ truncation as specified above, absence of TSDs, absence of a poly-A tail, absence of typical or
atypical EN cleavage site, and verifiable pre-insertion sequence structure in two other genomes.
If the pre-insertion site in the orthologous genome contained any extraneous sequence between
the starting points of the upstream and downstream matching flanking regions in the postinsertion genome, we cross-checked these against the putative NCAI to confirm that they were
different (Table 2.1). Some putative chimpanzee and rhesus loci posed a problem as they were
Table 2.1. NCAI loci and insertion site characteristics. The letter in the column for „Lineage‟
indicates the genome(s) to which the NCAI event is specific. In some cases the NCAI events
were found in the Human, Chimpanzee, and Gorilla genomes, but were absent in the Rhesus
macaque genome a. This locus was previously discussed in Callinan et al 2005.

comprised of truncated Alu elements followed or preceded by a string of non-specific sequence
(Ns). Wherever possible, we resequenced these loci to read through the poly-N stretches, and for
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the rhesus macaque loci we included African green monkey (Chlorocebus aethiops) DNA to
accurately ascertain the pre-insertion sequence. To further confirm that loci fitting all the criteria
described above were indeed atypical Alu insertions and not artifacts arising from sequence
assembly errors, we PCR-amplified and resequenced all loci from a panel of primate genomes
(Figure 2.1).

Figure 2.1. Analysis of NCAI events. (A) Gel chromatograph of PCR products from a
phylogenetic analysis of a chimpanzee-specific NCAI locus (NCAI 6). The DNA template used
is indicated at the top of each lane (H, human; C, chimpanzee; G, gorilla; O, orangutan; Rh,
rhesus macaque; and Gr, African green monkey). (B) Schematic diagram of an example NCAI
locus (NCAI 6) showing Alu insertion (green box) associated with 7bp deletion of target DNA
(red box). Matching flanking sequence are shown as light blue boxes with pink sequence
indicating exact sequence match at the ends of the indels. The yellow box indicates a small
segment of non-Alu „filler‟ DNA at the 3‟ end of this NCAI insertion.
PCR Amplification and Verification Through Resequencing
Primers surrounding each putative NCAI locus were designed using the Primer3 utility
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). PCR was performed in 25 µl
reactions using 15-25ng genomic DNA, 0.28µM primer, 200µM dNTPs in 50mM KCl, 1.5mM
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MgCl2, 10mM Tris-HCl (pH 8.4), and 2.5 units Taq DNA polymerase. Thermocycler programs
were as follows: 95ºC for 2 min (1 cycle), [95ºC for 30sec, optimal annealing temperature for 30
sec, 72ºC for 1 min] (35 cycles), 72ºC for 10 min (1 cycle). PCR products were visualized on 12% agarose gels stained with ethidium bromide. For PCR fragments larger than 1.5kb, ExTaq™
(Takara) was used according to the manufacturer‟s specified protocol. All loci were amplified
from the following genomes: Homo sapiens (HeLa; cell line ATCC CCL-2), Pan troglodytes
(common chimpanzee; cell line from Coriell Cell Repositories AG06939B), Gorilla gorilla
(Western lowland gorilla; cell line Coriell Cell Repositories AG05251), Pongo pygmaeus
(orangutan; cell line GM04272A), Macaca mulatta (Rhesus macaque; cell line NG07109), and
Chlorocebus aethiops (African green monkey; cell line ATCC CCL70). Primer sequences and
annealing temperatures are available from the Publications section of the Batzer laboratory
website (http://batzerlab.lsu.edu) under supplemental data.
Most loci were sequenced directly from the PCR amplicons after cleanup using Wizard®
gel purification kits (Promega Corporation) or ExoSAP-IT® (USB Corporation). Samples that
could not be sequenced directly from PCR products were cloned into vectors using the TOPO
TA (fragments <1kb) and TOPO XL (fragments >1kb) cloning kits (Invitrogen). All sequencing
was done using an ABI3130XL automated DNA sequencer. The resulting sequence files were
analyzed using BioEdit and the SeqMan and EditSeq utilities from the DNAStar package® V.5.
GC content in the flanking regions was calculated using GEECEE (available at:
http://mobyle.pasteur.fr/cgi-bin/MobylePortal/portal.py?form=geecee). New DNA sequences
generated during the course of this analysis have been submitted to GenBank under accession
numbers EU263070-EU263102.
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Results and Discussion
Genomic Distribution of Non-Classical Alu Insertions (NCAI)
Using a combination of computational data mining and wet-bench verification, we have
analyzed three primate genomes (human, chimpanzee, and rhesus macaque) for evidence of an
alternative, endonuclease-independent mode of Alu integration. We excluded all endonucleasedependent TPRT-mediated insertions through a rigorous manual inspection of putative NCAI
loci following a triple alignment of the three genomes and report a total of 23 atypical insertions
using the hg18, panTro2 and rheMac2 assemblies. Of the hominid-specific loci we recovered,
four were specific to humans, four to chimpanzees, and one locus was shared between humans
and chimpanzees; the other 8 loci were shared among all four hominid genomes assayed in our
PCR analyses (i.e., human, chimpanzee, gorilla, and orangutan). Along with the truncated Alu
fragments, we found approximately 7.36kb of non-Alu sequence inserted at experimentally
confirmed NCAI loci.
Sequence Architecture of NCAI Loci and Alignment to the Ancestral Full-Length Sequence
Alu fragments at NCAI loci ranged in size from 34bp to 276bp in contrast to full-length
Alu elements which are ~300bp in length. We minimized the chance erroneously selecting loci
with post-insertion 3‟ truncations of preexisting TPRT-mediated Alu elements that mimic the
typical structure of EN-independent insertions by rigorously comparing the orthologous flanking
sequence in all three genomes. In theory, post-insertion random genomic deletions which
remove the 3‟ segments of full-length Alu elements could mimic NCAI events. However, to pass
our screening procedure, such random deletions would have had to arise in three separate
primate genomes at exactly the same location (Mager et al. 1985). The extremely low
probability of this occurrence makes it unlikely that such loci are included in this study.
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A multiple alignment of the Alu fragments at NCAI loci reveals a tendency to cluster
towards the 5‟ end of the consensus sequences of the respective full-length elements (Figure 2.2).

Figure 2.2. NCAI fragments juxtaposed with a full-length Alu element consensus sequence
from the RepeatMasker website. Hominid-specific loci are in dark blue and rhesus macaquespecific loci are in light blue. The consensus sequence is in red. A visualization of an Alu
element is placed below the red consensus line.
Indeed, only three insertions (NCAI 12, 13, & 14) align towards the 3‟ end of the consensus
sequence. Eight of the hominid NCAI loci were 5‟ intact, and all other hominid-specific NCAI
loci showed 20bp or more of 5‟ truncation. Ten hominid-specific and five rhesus-specific NCAI
loci had intact intergenic spacers within the Alu element with four hominid-specific and 3 rhesus31

specific NCAI loci terminating in the intergenic region. One locus was retained based on the
results from the computational output and sequencing of the out-groups. NCAI 17 is 761bp
long; it contains a 51bp Alu fragment and is rich in simple repeats. Due to the simple repeats,
PCR amplification and sequencing were not possible.
Based on the diversity of local sequence architecture features found adjacent to the NCAI
loci we have recovered, we suggest that there is no one preferred model for endonucleaseindependent Alu insertions and that this pathway is essentially an opportunistic mechanism for
Alu integration. Over half of the 23 NCAI loci had non-Alu sequence inserted with them. Two
possibilities are that these non-Alu sequences at NCAI loci represent “filler DNA”, small
segments of which are often found at the junctions of genetic rearrangements (Roth et al. 1989;
Audrezet et al. 2004) (Figure 2.1). Previous studies have extensively documented the capture of
mobile DNA at double-strand break sites in eukaryotic cells (Lin and Waldman 2001; Morrish,
Gilbert et al. 2002; Ichiyanagi et al. 2007). In the case of non-LTR retrotransposons in primate
genomes, recent evidence supports the hypothesis that the L1 family may possess an
endonuclease-independent mechanism that fills such genomic lesions both in cell culture
analyses and in the publicly available human genome (Morrish, Gilbert et al. 2002; Sen, Huang
et al. 2007). In view of the fact that the same enzymatic machinery is shared between the L1 and
Alu families and that both are currently mobilizing in the human genome, we suggest that our
results represent evidence for a similar endonuclease-independent insertion pathway operating
for Alu elements to integrate into primate genomes. In this context, it is possible that similar to
L1 elements, mature Alu mRNA molecules too can act as genomic Band-Aids® by
opportunistically bridging DSBs in primate genomes (Shen et al. 1997). Given that gene density
and Alu density are strongly correlated across primate genomes, it is tempting to speculate that
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unrepaired DSBs in gene-rich regions of the genome, which would otherwise most likely be
lethal, could be preferentially repaired by such Alu mRNA from actively transcribed elements
located nearby.
Since RM cannot detect insertions under 30bp in length, and half the loci we recovered
were between 34 and 50bp, it is likely that this study represents a conservative estimate of NCAI
activity, as any loci below 30bp would remain undetected. The list was also narrowed by
discarding all elements >2% diverged, rejecting those loci which had ambiguous sequence or
putative TSDs >3bp, and those in which the pre-insertion sequence could not be authenticated.
There could potentially be more NCAI loci that have the hallmarks of endonuclease-independent
insertion, but which have found homology with the 5‟ or 3‟ poly-A regions, thereby making it
difficult to locate them computationally. These loci would appear as full-length elements using
our search criteria, and would remain undetected.
Structural Features of NCAI Loci Suggest a Role in DNA Double-Strand Break Repair
In terms of their local sequence architecture, NCAI loci possess a distinct set of features
that differentiate them from the larger set of “classical” TPRT-mediated insertions, which
supports our hypothesis that two separate mechanisms operate for Alu integration. Below, we
discuss some of these features:
Twenty of the twenty-three NCAI loci included target site deletions (i.e. deletions of the
pre-insertion sequence) of varying size ranging from 1bp to ~7kb and adding up to
approximately 16kb of deleted sequence; this feature is thus common to both non-classical LINE
and Alu insertions (Sen, Huang et al. 2007). Among the deleted sequences, the largest deletion
event was a little over 6kb and associated with a hominid-specific NCAI event. Three loci
(NCAI 7, NCAI19, and NCAI20) were kept in the analysis even though they lacked target site
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deletions, because close inspection of the flanking sequence in the pre-insertion loci from the
other 2 genomes and the NCAI revealed perfect matches. This suggests that these Alu insertions
occurred with little to no loss of genomic material.
Very few, if any, TPRT-mediated Alu insertions include non-Alu DNA between the TSDs
at either end (Pickeral et al. 2000); in contrast, ~56% of NCAI loci (13 out of 23) in our study
included non-Alu sequence along with the Alu fragment. The random segments of DNA range in
size from 2bp to ~2kb. One possible explanation for this observation could be that the Alu
mRNA may invade and attach to random DNA being used as templates to fix a DSB during
NHEJ (Paques and Haber 1999) (Figure 2.1). Two loci had 5‟ non-Alu inserted sequence, 4 loci
had 3‟ non-Alu inserted sequence, and seven loci had non-Alu inserted sequence on both sides of
the truncated Alu fragment. NCAI 7 appears to have created an intra-chromosomal duplication
present within chromosome 16, suggesting a segmental duplication occurred nearby. The
majority of the non-Alu sequence inserted along with the NCAI loci seems to be in the form of
simple repeats and microsatellites, including three inter-chromosomal translocation events
(NCAI 8, NCAI 9, NCAI 12).
At least two loci were characterized by the presence of AT-rich repeats at either end. As
both NCAI and NCLI thus show occasional integration of AT-rich repeats, it is possible that, like
NCLI, the NCAI process could play a role in creating new microsatellites and simple repeats
(Ovchinnikov et al. 2001; Sen, Huang et al. 2007). NCAI 17 contained a 51bp Alu fragment and
~600bp in AT-rich repeats. The insertion of these simple repeats along with the Alu element
fragment created a GC-poor region (~17%) in a relatively GC-rich sequence neighborhood
(~46%), thus creating an unstable environment that could act as a recombination hotspot (Mirkin
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2006). NCAI 15 contained a 2.06kb insertion consisting of an Alu fragment, ~230bp in AT-rich
repeats, and over 1kb of L1 element sequence.
Examination of the non-Alu sequence at NCAI loci yields interesting clues regarding
possible insertion mechanisms. During the integration process at NCAI loci, other cellular
RNAs appear to have been transcribed along with the Alu fragment inserted at two loci (NCAI 9
and NCAI 17) (Figure 2.1). There were also instances of capture of another retrotransposon
RNA at a locus (NCAI 14, NCAI 11, NCAI 15, NCAI 9 and NCAI 13). L1 mRNA was captured
most often, followed by other Alu mRNAs (Dewannieux, Esnault et al. 2003). BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul et al. 1990) searches showed the extra
nucleotides found at the 3‟ end of NCAI 9 were also found with almost a nearly perfect match at
another location on the same chromosome, suggesting an inter-chromosomal translocation or in
vivo RNA recombination. Enzymes associated with IVRR cause stopping or pausing of the
DNA polymerase along the donor strand, which could lead to a truncated Alu if enzymatic
activity was terminated (Nagy and Simon 1997). Synthesis-dependent strand annealing (SDSA),
an alternative model of DSB repair, could account for NCAI 14 wherein the invading strand
initiates synthesis (Hedges and Deininger 2007). Of the 10 loci with extra sequence, at least
three did not have a significant BLAST match when looking specifically at the non-Alu inserted
sequence (NCAI 8 & NCAI 14) (Lin and Waldman 2001) and did not find statistically
significant matches in other cases.
NCAI Microhomology and Endonuclease Cleavage Site Analyses
Multiple lines of evidence suggest the involvement of small stretches of complementary
base pairing at the sites of mobile DNA capture at double strand break sites (Pfeiffer et al. 1994).
To examine whether a similar pattern was present at NCAI loci, we compared 6 bp stretches at
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both ends of the inserts with corresponding lengths in the pre-insertion flanking sequence
following the procedure described in Sen et al, 2007 (Figure 2.3A).
We excluded all loci where the 5‟ or 3‟ end of a locus included non-Alu inserted sequence
along with the Alu fragment. Alu sequence was present at the 5‟ end of the NCAI locus in eleven
cases and at the 3‟ end in thirteen cases. Our results indicate an increased level of
microhomology at the 3‟ insertion junctions; however, at the 5‟ end we did not find a statistically
significant increase in complementary bases (Zingler, Willhoeft et al. 2005) (Figure 2.3B). This
suggests that, though the NCAI mechanism supports opportunistic integration, microhomology at
the attachment end of the fragment leads to higher rates of insertion as evidenced by higher
levels of microhomology at positions 1 and 2 on the 3‟ end (10/13 and 9/13 loci analyzed,
respectively).
Along with microhomology, all loci were inspected for the presence of deviation from the
preferred L1 endonuclease cleavage site (5‟TTTT/A). Analysis of the L1 EN cleavage sites is
important in this regard because Alu elements use L1 machinery to insert into primate genomes
and hence, characteristic TPRT-mediated insertion sites for Alu elements are similar to those for
L1. Using a previously described point value system that accounts for the differential
frequencies of transitions and transversions (Han, Sen et al. 2005), NCAI loci were compared to
a previous analysis of endonuclease-independent L1 insertions (Sen, Huang et al. 2007) and then
to two recent analyses of TPRT-mediated L1 insertions (Figure 2.4) (Morrish, Gilbert et al.
2002; Han, Sen et al. 2005). Comparison against the former suggests a similar trend towards
more differences from the endonuclease cleavage site and comparison to TPRT-mediated
insertions further strengthens this argument (Figure 2.4). This provides further support to our
hypothesis that Alu elements at NCAI loci are integrating without the activity of the L1
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Figure 2.3. NCAI Microhomology. (A) Complementarity at the 5‟ and 3‟ ends of NCAI loci.
(B) Number of matches at each position (r) and the corresponding P-values that indicate the
likelihood of obtaining the observed numbers of matches by chance alone. Bases are highlighted
grey if they are complementary to the corresponding nucleotide on the Alu RNA.
endonuclease. While atypical motifs for L1 EN cleavage sites do exist, a careful examination of
NCAI loci revealed no insertions at such non-preferred TPRT cleavage sites, providing further
evidence of EN-independent insertion (Cost and Boeke 1998; Morrish, Gilbert et al. 2002;
Callinan, Wang et al. 2005; Sen, Huang et al. 2007).
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Figure 2.4. Divergence from the L1 endonuclease cleavage site. The results indicate a large
percentage of loci with a greater number of differences from the classical L1 endonuclease
cleavage site seen in Target-primed Reverse Transcription. Atypical motifs of TPRT
endonuclease cleavage sites exist, but a careful examination as compared to the cleavage sites
found in NCAI, showed that no insertions at atypical TPRT cleavage sites, providing
supplementary evidence of endonuclease-independent insertion.
Retrotransposition Using a Non-Traditional Route in Primate Genomes
In this analysis we have provided the first known evidence for the existence of an
alternative Alu integration mechanism that appears to be independent of the L1 enzymatic
machinery. While TPRT-mediated insertions are much more abundant and without question form
the preferred method of Alu mobilization, the structural features of loci discussed in this study
leave little doubt that it has not been utilized in these cases. While previous research has shown
that an endonuclease-independent pathway exists for L1 retrotransposition, both in cell culture
and in the reference human genome (Morrish, Gilbert et al. 2002; Sen, Huang et al. 2007), in our
opinion the discovery of a similar mechanism for Alu elements is significant for a number of
reasons.
In contrast to TPRT-mediated insertions which are prone to causing genomic instability,
the unique structural features of the NCAI mechanism that we have discussed above lend
credence to the hypothesis that they are associated with genomic DSB repair and hence to the
maintenance of genome stability. The ubiquity of the Alu family in primate genomes implies that
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over evolutionary timescales, this endonuclease-independent pathway may have had an
appreciable contribution to genome stability, and the relatively small numbers of insertions we
have recovered in the three genomes probably represent a minuscule fraction of the total number,
for reasons we have discussed above. Previous studies have established that the Alu family of
retrotransposons acts as a “parasite‟s parasite” and hijacks L1 machinery during classical TPRTmediated genomic integration (Schmid 2003).
While the relative paucity of NCAI loci as compared to NCLI may be due to the greater
length of the L1 mRNA providing a better chance of joining the separated ends of DSBs, in our
opinion the fact that both of the most active non-LTR retrotransposon families in recent primate
genome evolution (i.e Alu and L1) are capable of participating in DSB repair is significant. In the
sequence context of a recently created and unrepaired genomic DSB, the relative disadvantage of
the shorter Alu mRNA as a repair tool compared to the longer L1 mRNA could potentially be
offset by the fact that in contrast to L1 elements, the Alu family is concentrated in gene-dense
areas, damage in which would likely be less tolerated hence giving NCAI a chance to be the
genomic “first line of defense”. Indeed, it is possible to envision a scenario wherein the NCAI
and NCLI mechanisms operate at two slightly different levels, with NCAI having access only to
recent DSBs without much separation between the ends, while NCLI could act as a repair
mechanism for breaks where the 300bp Alu mRNA is unable to bridge the gap. Interestingly, this
hypothesis is supported by the mean sizes of the deleted genomic sequences at NCAI and NCLI
loci (712 bp vs. 1723 bp), which would provide an approximation of the mechanical separation
between the two halves of the DSB at the breakpoint.
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Conclusion
In conclusion, we have demonstrated an alternative Alu element integration method in
primate genomes that may be utilized as a genomic damage repair pathway. By detailed
inspection of the pre-insertion and post-insertion features of the sequence architecture, we have
shown that this mechanism is distinct from the usual TPRT-mediated mode of integration and that
TPRT and NCAI may have different consequences for primate genomes. On a global basis,
TPRT-mediated Alu and L1 insertions are associated with disruption of gene function and are
prone to post-insertion ectopic recombination. On the contrary, the endonuclease-independent
NCAI we detected here, and the NCLI loci reported previously, and similar insertions in previous
cell-culture analyses, show definite signs of being variants of DNA repair. In view of this
evidence, it is now evident that both the L1 and Alu families contribute occasionally to the
maintenance of genome stability, which provides additional insight into a hitherto neglected
aspect of the biology of non-LTR retrotransposons, the most dynamic components of primate
genomes.
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CHAPTER THREE:
INTERNAL PRIMING: AN OPPORTUNISTIC PATHWAY FOR
L1 & ALU RETROTRANSPOSITION IN HOMININS*

*Reprinted by permission of Gene
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Introduction
L1 elements and Alu elements are highly successful and ubiquitous retrotransposons in
primate genomes that are actively involved in shaping the genomic architecture. A full length
L1 element is approximately 6kb in length and consists of a 5‟ UTR containing an internal RNA
polymerase II promoter, two open reading frames (ORFs) separated by an intergenic spacer, and
a 3‟ UTR region encompassing the poly-A tail (Kazazian and Moran 1998). ORF1 codes for an
RNA-binding protein with nucleic acid chaperone activity and ORF 2 codes for reverse
transcriptase (RT) and endonuclease (EN) activities (Mathias, Scott et al. 1991; Feng, Moran et
al. 1996; Kolosha and Martin 1997). The L1 retrotransposon enzymatic machinery is used by
the non-autonomous ~300bp Alu element, which does not code for any proteins, but carries an
internal RNA polymerase III promoter (Fuhrman et al. 1981). Generally these elements mobilize
by a “copy and paste” mechanism in their host genomes via a process termed retrotransposition.
L1s and Alu elements are thought to insert into the genome through a mechanism described as
target primed reverse transcription (TPRT), first reported in Bombyx mori (Luan, Korman et al.
1993)(Fig. 3.1a).
During TPRT, L1 EN makes a single nick at one of the preferred motifs (e.g. 5‟TTAAAA-3‟) and the L1 or Alu element mRNA anneals to the nick site using its 3‟ poly-A tail ,
following which the L1 RT initiates reverse transcription using the mRNA as a template and the
second strand nick occurs downstream of the initial cleavage site. This process creates staggered
breaks which are later filled in by direct repeats on either side of the element, termed target site
duplications (TSDs) (Feng, Moran et al. 1996; Szak, Pickeral et al. 2002). The final two steps
entail the integration of the newly synthesized single-stranded mobile element cDNA and
synthesis of the second strand; the chronological order in which this happens is still unclear. If it
proceeds to completion unhindered, TPRT results in the creation of characteristic structural
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features including intact TSDs and a variable length poly-A tail (Luan, Korman et al. 1993;
Gilbert, Lutz et al. 2005). Integration of retrotransposons using classical TPRT has been
implicated in the disruption of gene function, deletions at the insertion site, termination of
transcription and in the creation of certain disease states (e.g. neurofibromatosis, hemophilia)
(Batzer and Deininger 2002; Goodier and Kazazian 2008). Though the majority of genomic Alu
and L1 elements integrate using this method, a detectable minority integrate into the genome
using alternative pathways and variants upon TPRT (Morrish, Gilbert et al. 2002; Callinan,
Wang et al. 2005; Gilbert, Lutz et al. 2005; Babushok et al. 2006; Sen, Huang et al. 2007;
Srikanta, Sen et al. 2009).

Figure 3.1. Alternative mechanisms of retrotransposon integration. (a) Classical TPRTmediated L1 or Alu insertion into the host primate genome. L1 EN creates a nick in the first
strand (orange arrow) at the 5‟-TTTT/A-3‟ consensus and the retrotransposon mRNA (purple
line) anneals to the genomic DNA (blue line) using its polyA tail (purple outline). L1 RT (pink
oval) synthesizes the retrotransposon mRNA to complete insertion and the TSDs (grey) are filled
in. (b) TPRT variant-mediated retrotransposon insertion. L1 RT internally primes on the L1 or
Alu mRNA and the break is filled using classical TPRT machinery. (c) Staggered DSB repair
with 5‟ overhangs. A staggered DSB (lightning bolt) occurs and RT (pink oval) internally
primes on the mobile element mRNA (purple line) that bridges the gap by binding to either end.
Subsequent cDNA synthesis fills the break with a copy of the truncated element.
A recent analysis of L1 elements reported a variation of the “classical” TPRT model of
mobile DNA integration (Kulpa and Moran 2006). This analysis involved an assay to detect
ORF2p activity, and provided in vitro evidence that L1 RT preferentially acts upon its own
template, as well as Alu elements. Sequencing of the resulting transcripts led to the discovery
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that RT had occasionally initiated transcription within and upstream of the poly-A tail, (as
opposed to “classical” TPRT, where transcription begins at 3‟ end of the poly-A tail), similar to a
previous study of tRNA-derived retropseudogenes (Schmitz et al. 2004; Callinan, Wang et al.
2005; Kulpa and Moran 2006). To explore that a similar integration mechanism is active in vivo,
we scanned the human genome for truncated Alu and L1 elements with TSDs ≥6bp (Szak,
Pickeral et al. 2002). This mechanism of insertion, which we term Internal Priming (IP),
appears to be an opportunistic alternative pathway for L1 and Alu mobilization and may play a
role in repairing DNA double-strand breaks.
In this analysis we report twenty mobile element insertions that resulted from the internal
priming pathway for integration into the human genome. For each locus, we verified the preinsertion sequence with PCR or cycle-sequencing of DNA from an outgroup primate genome.
We confirmed that each had the hallmarks of internal priming (TSDs and 3‟ truncation). We
suggest that this mechanism of retrotransposon insertion, which has not been described before in
the human genome, may constitute a third pathway (after TPRT and NCLI (non-classical L1
insertion (EN-independent)/NCAI (non-classical Alu insertion (EN-independent)) of integration
for Alu and L1 element family insertions.
Materials and Methods
Computational Extraction and Manual Authentication of Putative IP Loci
Alu element and L1 insertions used in this study were identified based on specific
differences from both classical TPRT-mediated and non-classical insertion criteria.
Characteristics of classical TPRT-mediated insertions include the presence of TSDs, variable
length poly-A tails and “preferred” L1 EN-cleavage sites (Morrish, Gilbert et al. 2002); nonclassical insertions lack TSDs, polyA tails and use EN-independent insertion sites. Putative
internal priming (IP) events are 3‟ truncated (lacking the poly-A tail and are ≤276bp for Alu
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elements, ≤6135bp for L1 elements), have TSDs no shorter than 6bp and do not appear to
preferentially insert using preferred L1 EN-cleavage sites (Szak, Pickeral et al. 2002; Sen, Huang
et al. 2007; Srikanta, Sen et al. 2009). Elements selected for this study were less than 2%
diverged from the consensus sequence. These structural characteristics are similar to those
described in Kulpa et al (2006).
To identify putative IP loci, we revised the method outlined in Sen et al (2007) and
Srikanta et al (2009) for detecting non-classical retrotransposon insertions. The L1 and Alu
element data were downloaded using whole-chromosome annotation files tabulating all mobile
elements on each chromosome for the human (hg18) genome (available at
http://hgdownload.cse.ucsc.edu/downloads.html#human). We filtered the files to retain only Alu
and L1 elements. Next, to scan for truncated Alu and L1 elements missing the poly-A tail used
during classical TPRT-mediated integration, we used a Perl script to locate those Alu elements
which had 3‟ truncations to positions numbering 276 or less, along the 312bp AluY consensus
sequence used by the RepeatMasker (RM) software package in its default settings (Smit et al.
1996), and those L1 elements which were 6135bp or less as described in Sen et al (2007).
Manual inspection of computationally detected loci involved extracting the putative
truncated Alu or L1 element sequence with 5000bp of flanking sequence on both sides of each
locus. Next, this sequence was used to query the chimpanzee (panTro2) and rhesus macaque
(rheMac2) genomes using the BLAT software suite (http://www.genome.ucsc.edu/cgi-bin/), and
a triple alignment of the locus was created to analyze the local pre-insertion and post-insertion
sequence architecture. In particular, we scanned for the presence of TSDs longer than 6bp and
for any target-site deletions present in the pre-insertion sequence, but absent following the Alu or
L1 insertion. To ascertain whether the element was truly young and truncated (and thereby
reduce the likelihood of finding false positives), we investigated the Alu and L1 elements within
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the context of 5000bp sequence flanking either side of the insertion. We discarded all elements
>2% diverged from their respective consensus sequences according to the RM algorithm to limit
our results to relatively recent integration events with easily reconstructed pre-insertion sequence
architecture, using the chimpanzee and rhesus genomes.
We chose loci for experimental validation that matched the following four criteria: 3‟
truncation as specified above, presence of TSDs ≥6bp in length, absence of a poly-A tail, and
verifiable pre-insertion sequence structure in two other primate genomes. We cross-checked our
putative IP loci against the orthologous pre-insertion sites in the other genomes to confirm there
was no extraneous sequence between the starting points of the upstream and downstream
matching flanking regions in the post-insertion genome (Table 3.1). To further confirm that loci
fitting all the criteria described above were indeed atypical Alu and L1 insertions and not
artifacts arising from sequence assembly errors, we PCR-amplified all loci from a panel of
primate genomes and resequenced all ambiguous loci. To differentiate between Alu and L1 IP
events we have labeled them AIP for Alu Internal Priming and L1IP for L1 element Internal
Priming events.
Validation of Loci through PCR Amplification and Resequencing
We designed primers for each locus using the Primer3 utility (http://frodo.wi.mit.edu/cgibin/primer3/primer3_www.cgi) and performed PCR in 25µl reactions using 15-25ng genomic
DNA, 0.28µM primer, 200µM dNTPs in 50mM KCl, 1.5mM MgCl2, 10mM Tris-HCl (pH 8.4),
and 2.5 units Taq DNA polymerase. Thermocycler programs were as follows: 95°C for 2 min
(1 cycle), [95°C for 30sec, optimal annealing temperature for 30 sec, 72°C for 1 min] (35
cycles), 72°C for 10 min (1 cycle). PCR products were visualized on 2% agarose gels stained
with ethidium bromide. For PCR fragments with expected lengths larger than 1.5kb, ExTaq™
(Takara) was used according to the manufacturer‟s specified protocol. All loci were amplified
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from the following genomes: Homo sapiens (HeLa; cell line ATCC CCL-2), Pan troglodytes
(common chimpanzee “Clint”; cell line NS06006B), Gorilla gorilla (Western lowland gorilla;
cell line Coriell Cell Repositories AG05251), Pongo pygmaeus (orangutan; cell line
GM04272A), Macaca mulatta (rhesus macaque; cell line NG07109), and Chlorocebus aethiops
(African green monkey; cell line ATCC CCL70) (Fig. 3.2). Primer sequences are available from
the Publications section of the Batzer laboratory website (http://batzerlab.lsu.edu).
Loci were sequenced directly from the PCR amplicons after cleanup using Wizard® gel
purification kits (Promega Corporation) or ExoSAP-IT® (USB Corporation). Samples that
could not be sequenced directly from PCR products were cloned into vectors using the TOPO
TA (fragments <1kb) cloning kit (Invitrogen). Sequencing results were obtained using an
ABI3130XL automated DNA sequencer and analyzed using the SeqMan, BioEdit and EditSeq
utilities from the DNAStar® V.5 package. GC content was calculated using GEECEE
(http://mobyle.pasteur.fr/cgi-bin/MobylePortal/portal.py?form=geecee) for both the flanking
regions and the insertion. Close inspection of the flanking sequence and the results of the PCR
and sequence analyses confirmed the pre-insertion loci from two outgroup genomes (Fig. 3.2).
Results and Discussion
Characterization of Putative Internal Priming Mechanisms
Based on our analyses, we suggest that two alternatives to TPRT may be responsible for
the internal priming structures observed (Fig. 3.1). The first is an opportunistic mechanism
wherein a first strand nick is created by the L1 EN and instead of annealing by its polyA tail as in
“classical” TPRT, the retrotransposon mRNA attaches to the host genome using a limited
number of complementary bases at a site within the mobile element upstream of the polyA tail).
RT activity (albeit possibly at reduced fidelity) fills in the break with a single-stranded copy of
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Figure 3.2. A schematic detailing IP locus investigation. All computationally derived
candidate loci were triple-aligned (human, chimpanzee, and rhesus macaque), and those loci
found to be human- or hominin-specific were kept for wet bench verification. Gel
chromatograph of PCR products from a phylogenetic analysis of a hominin-specific AIP locus
(AIP 9). The numbers indicate the DNA template used: 1 & 9, 100bp ladder; 2, negative control
(H2O); 3, human; 4, chimpanzee; 5, gorilla; 6, orangutan; 7, rhesus macaque; 8, green monkey.
the element, and the other steps of the integration proceed as with classical TPRT (Fig 3.1b), i.e.
a second strand nick then occurs, the entire break is filled, and TSDs form as in classical TPRT.
In the second mechanism, retrotransposon mRNA attaches to both ends of a preexisting
staggered double-strand break in the genome using complementary base pairing at sequences
within the length of the element (as opposed to the 5‟ or 3‟ ends). RT activity begins at the 3‟
binding site, with subsequent cDNA synthesis joining the ends of the DSB with a copy of the
truncated element (Fig 3.1c) (Lin et al. 1999; Lin and Waldman 2001; Ostertag and Kazazian
2001; Valerie and Povirk 2003; Haber 2006; Haber 2008; Lieber et al. 2008). Due to the
staggered nature of the break, TSDs are formed, filling in the cleavage sites. Low levels of
microhomology found only at the 3‟ ends of these insertions could provide further support for
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the opportunistic nature of mobile element recruitment to the break site. Termed “Internal
Priming” (IP), these insertions differ from those found during classical TPRT and NCI events in
that they are truncated elements with intact TSDs (Kulpa and Moran 2006).
Investigation of Human Genomic Internal Priming Events
Using a combination of computational data mining and wet-bench verification, we
analyzed the human genome for evidence of an internal priming mechanism of
retrotransposition, specifically Alu and L1 elements. We excluded all classical TPRT-mediated
insertions through a stringent manual inspection of putative IP loci following a triple alignment
of the three genomes at each locus and PCR analyses (Fig. 3.2). A total of twenty IP insertions
from the hg18 assembly were verified in this manner, six human-specific loci (two AIP and four
L1IP) and fourteen loci (4 AIP and 10 L1IP) that were shared among the hominin genomes (i.e.,
human, chimpanzee, gorilla, and orangutan), with the pre-insertion architecture confirmed via
PCR-assay and sequencing (Table 3.1). Along with the truncated Alu and L1 elements, we found
Table 3.1. IP loci and insertion site characteristics. In the column for lineage, H represents
Human-specific loci, while HCG represents loci shared between subtribe Hominina, and HCGO
represents loci shared between tribe Hominini.

approximately 1.63kb of non-retrotransposon sequence inserted at experimentally confirmed IP
loci, with ~163bp associated with Alu elements and ~1.47kb associated with L1s (Table 3.1).
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Sequence Composition of IP Loci and Alignment to the Full-Length Consensus Sequence
Alu internal priming (AIP) loci ranged in size from 30bp to 150bp, with an average AIP
length of ~103bp, in contrast to full-length Alu elements, which are ~300bp in length. The L1
internal priming (L1IP) loci ranged from 33bp to 1.9kb in length as compared to a consensus L1
sequence, which is ~6kb in length, with an average L1IP length of ~460bp (Fig. 3.3). A multiple
alignment of AIP and LIP loci with their respective full-length sequences revealed that the AIP
loci had a slight tendency to cluster towards the 5‟end whereas L1IP loci had a tendency to
cluster towards the 3‟ end of their consensus sequences (Fig. 3.3). Of 20 total insertions, only 2

Figure 3.3. Alignment of IP loci to their respective consensus sequences. (a) AIP fragments
juxtaposed with a representation of a full-length Alu element consensus sequence. The Alu
fragments are pink and the consensus sequence is light blue. Two AIP loci are 5‟ intact and
overall AIP loci align to the consensus sequence with no bias. (b) L1IP fragments juxtaposed
with a representation of a full-length L1 element consensus sequence. The L1 fragments are
dark blue and the consensus sequence is green. L1IP loci show an alignment bias for the 3‟ end
of the consensus sequence.
are 5‟ intact, and both are AIP loci (AIP 17 & 9), which can be explained by the short insertion
length of Alu elements. As full-length Alu elements are only ~300bp in length, when RT
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internally primes somewhere within the Alu element, it is more likely to reachthe 5‟ end of the
Alu mRNA, whereas a full-length L1 element is much longer and may be more likely to be 5‟
truncated. None of the L1IP insertions were 5‟ intact. L1IP loci showed at least 3.5kb 5‟
truncation and four AIP showed at least 35bp of 5‟ truncation. Two AIP loci had intact middle
polyA rich regions and one AIP was truncated within the middle polyA rich region, whereas only
one L1IP locus (L1IP 36) had an intact intergenic spacer region. A common feature of classical
TPRT insertions is the creation of target site deletions. In our data only six of the twenty IP loci
had target site deletions associated with their insertions. Fourteen loci lacked target site
deletions, only 7bp total were deleted whereas ~8.7kb mobile element and non-mobile elements
sequences were inserted. These findings are consistent with the theory that IP events arise as a
consequence of a DSB repair mechanism.
It is theoretically possible that post-insertion 3‟ truncation events would mimic the unique
local sequence architecture of IP events. In this analysis, we tried to minimize such errors using
two different methods. First, we compared the orthologous flanking sequence in all three
primate genomes to confirm that post-insertion random genomic deletions did not delete the
portion of the element immediately upstream of the 3‟ TSD, creating a truncated structure that
could mimic the AIP or LIP structure; we assume that the probability of post-insertion 3‟
truncation occurring independently at exactly the same position in three separate primate
genomes is negligible. Second, we further confirmed that 3‟ truncation events were not created
by “private” deletions in the reference human genome mimicking IP events by PCR
amplification of all loci on a population panel consisting of 80 individuals from four different
geographic ancestral origins: African Americans, South Americans, Europeans and Asians. Gel
electrophoresis of the PCR amplicons showed no variation in the expected size, and DNA
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sequencing also confirmed the PCR amplicons contained only the truncated element and no
individual had a full length Alu or L1 element.
Based on the local genomic architecture of these insertions and an analysis of the L1 EN
cleavage sites of the loci, we suggest the preferred model for IP may be a rare variant of TPRT or
another more opportunistic mechanism, staggered double-strand break repair (Fig. 3.1b, 1c).
Four loci contained only the L1 or Alu element while sixteen IP loci had non-mobile element
DNA associated with them; in some cases this could represent “filler DNA” (Roth, Chang et al.
1989). The twenty IP loci described could be the products of template jumping activity, which
has been previously documented for reverse transcriptase (Cost, Feng et al. 2002; Kulpa and
Moran 2006; Kurzynska-Kokorniak et al. 2007; Eickbush and Jamburuthugoda 2008). Four out
of six AIP insertions and three of fourteen L1IP insertions occurred in intragenic regions; though
there are only twenty loci, this may suggest an internal priming repair mechanism using available
mRNA from nearby actively transcribed elements. Both Alu and L1 elements are mobilizing in
the genome, and we suggest a variant reverse transcriptase-mediated pathway that operates
opportunistically.
The search criteria used in this analysis were quite stringent and loci that could
potentially have represented IP insertions may have been culled. We were only able to find
those germline events that have been successfully inherited; many more germline events are
likely to have occurred, but were lost. There could also be many somatic events, but these would
remain mainly unrecoverable by our analysis. RepeatMasker has difficulty correctly discerning
insertions under 30bp in length, even when using the most sensitive setting, and can miscall
ambiguous repetitive elements. By sampling from only one genome, our analysis will not
recover many low-frequency polymorphic human loci that could be present in the species
(Hedges, Callinan et al. 2004; Callinan, Wang et al. 2005). This study was made even more
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conservative by discarding all elements >2% diverged from their consensus sequences and
keeping only those loci with unambiguous TSDs ≥6bp and in which the pre-insertion sequence
could be authenticated through triple-alignment and wet-bench verification. There are
potentially many more IP loci, and this analysis is by no means comprehensive, but the loci
presented here provide evidence of an opportunistic, non-standard pathway involving internal
priming of reverse transcriptase.
IP Microhomology and Endonuclease Cleavage Site Analyses
To attempt to distinguish between our two hypothetical mechanisms accounting for IP
events, we performed two analyses to determine the independent nature of the insertion site as
well as attachment at the insertion site. Using the method outlined in Srikanta et al (2009),
microhomology analyses were performed on AIP and L1IP loci separately and combined (Fig.
3.4) (Zingler, Willhoeft et al. 2005). We compared 6bp stretches at both ends of the insert, using
only those loci whose 5‟ and 3‟ ends did not include non-L1 or Alu sequence. Of the 20 loci
possible for this analysis, five loci at the 5‟ end (3 AIP and 2 L1IP) and fifteen loci at the 3‟ end
(2 AIP and 13 L1IP) included Alu or L1 sequence. Our results indicate a slightly increased level
of microhomology at the 3‟ insertion junctions using L1IP data alone, and in the combined data
set (Fig. 3.4). This suggests that the microhomology at the 3‟ insertion junction of L1IP events
may mediate attachment to the break site. The small number of AIP events does not provide
enough support to draw conclusions about whether the same might be true for Alu elements.
If the IP insertions occurred through a variant of TPRT that retains the dependence on the
L1 EN to create the nicks in the host genome, few differences from the typical L1 EN cleavage
site (5‟TTTT/A) would be expected. To test this hypothesis, we inspected the sequence at the
insertion sites of the loci in this analysis and find that there is substantial deviation from both the
preferred and atypical cleavage sites for L1 EN (Morrish, Gilbert et al. 2002; Han, Sen et al.
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2005). Using a previously described analysis system for L1 EN dependence (Han, Sen et al.
2005), IP loci were compared to a combined analysis of non-classical Alu and L1 insertions and
a recent analysis of TPRT-mediated insertions (Fig. 3.5).

Figure 3.4. Combined AIP & L1IP microhomology analysis. Complementary nucleotide
positions are counted in opposite directions at the 5‟ and 3‟ ends of the respective consensus
sequences. Bases are highlighted in grey if they are complementary to the corresponding
nucleotide on the L1 or Alu RNA. The number of matches at each position (r) and the
corresponding p-values indicate the likelihood of obtaining the observed numbers of matches by
chance alone. Using a binomial probability distribution, we calculated p-values assuming the
chance of success (i.e. complimentary pairing) was 1/4 and the chance of failure was 3/4 at each
position.

Figure 3.5. IP insertion site divergence from the preferred L1 endonuclease cleavage site
sequence. Loci generated by three different insertion studies (L1IMD, NCI and IP) were
analyzed for presence or absence of the preferred L1 EN cleavage site motif. The red line
indicates loci analyzed for L1IMD events, which occur via classical TPRT; the blue line
indicates NCI events, which are L1 EN-independent; and the green line indicates IP events. The
results indicate increased divergence from the preferred motif used by L1 EN-mediated classical
TPRT, suggesting that IP events use a mechanism more similar to NCI than L1IMD. These
findings are consistent with an opportunistic mechanism.
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These comparisons indicate that the cleavage sites of IP events differ from typical EN cleavage
sites, but not as substantially as non-classical insertion cleavage sites. These findings are more
consistent with the hypothesis that mobile elements are opportunistically integrating into
genomic lesions as a mechanism for repairing staggered DSBs using an internal priming
mechanism, as opposed to the TPRT variant mechanism (Fig. 3.1, 3.4 & 3.5).
Features of IP Loci Are Consistent with a Model of DNA Double-Strand Break Repair
IP loci possess distinct characteristics that set them apart from both classical TPRTmediated insertions and non-classical (EN-independent) insertions. We propose that this internal
priming mechanism can act as an alternative integration pathway for retrotransposons in primate
genomes and may occasionally be involved in repair of staggered DNA double-strand breaks.
Both microhomology and EN cleavage site analyses provide support for an opportunistic
mechanism that bridges breaks neatly, resulting in little loss or gain of genomic material.
Also in contrast to classical TPRT-mediated insertions, sixteen out of twenty IP loci (4
AIPs and 12 L1IPs) had non-mobile element DNA inserted along with the retrotransposon
insertion (Table 3.1). These fragments ranged in size from 1bp to 594bp and were generally
found 5‟ of the mobile element in the insertion site (Roth, Chang et al. 1989). Of the four AIP
loci with non-Alu inserted sequence, one had non-Alu sequence on both sides of the truncated
Alu (AIP 10) and the other three had 3‟ non-Alu inserted sequence (AIPs 13, 9, 29). Of the
twelve L1IP loci with non-L1 inserted sequence, only one had non-LI inserted sequence (L1IP 8)
on both sides of the truncated L1, while eleven loci had non-L1 sequence inserted 5‟ of the
truncated L1 (L1IPs 16, 21, 26, 27, 28, 31, 42, 49, 54, 68, 159), as opposed to 3‟ as was observed
in the AIP events. Both L1IP 28 (found on chromosome 3) and L1IP 68 (found on the X
chromosome) appear to have 5‟ transduced sequence. The transduced sequences are 245bp and
206bp, respectively, and share more than 94% sequence homology with different non-repetitive
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sequence on chromosome 8. L1IPs 49, 54 and 159 appear to have included sequence from
unknown locations while the majority of non-Alu or L1 sequence inserted with the IP loci is in
the form of simple or low-complexity repeats suggesting that the internal priming process could
play a role in creating new simple and low complexity repeats (Ovchinnikov, Troxel et al. 2001;
Mirkin 2006; Sen, Huang et al. 2007).
Three IP loci were characterized with either AT or CA-rich repeats at the 3‟ or 5‟ ends.
Both Alu elements and L1 elements have previously been associated with the expansion and
formation of microsatellites; however, as these microsatellites may have expanded or contracted
over time, it is difficult to determine the exact sequence at the time of insertion (Arcot, Wang et
al. 1995). Along with simple and low complexity repeats, we found evidence for capture of
extra L1 RNA at one locus (L1IP 16) . The non-mobile element inserted sequence did not have
significant matches when searches were performed in BLAT and BLAST. Eight L1IP events
showed a poly(T) repeat at the 5‟ end of their insertions (L1IPs 16, 27, 31, 42, 49, 54, 69, 159).
These stretches ranged from 7bp to 37bp and are not the complementary sequence to the polyA
tail of a retrotranspositionally-competent L1. Such poly(T) stretches have been suggested to
cause instability and act as recombination hotspots (Chambeyron et al. 2002; Wallace, Belancio
et al. 2008).
Evidence for Non-Traditional Mobilization in Primate Genomes
We have provided evidence for the existence of an alternative integration mechanism for
L1 and Alu elements in primate genomes. With this analysis, we have shown an integration
mechanism that differs from both classical TPRT and EN-independent insertion activity. The
structural features of the loci discussed in this study leave little doubt that the internal primingbased integration mechanism we report is distinct from classical TPRT and constitutes a nonpreferred method of Alu and L1 mobilization. Previous in vitro systems have shown the
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existence of internal priming for L1s (Kulpa and Moran 2006); however, our analysis confirms
that this mechanism is active in vivo as well.
While overall, the large proportion of TPRT-mediated L1 and Alu insertions in primate
genomes are essentially neutral, individual loci may be associated with disruption of gene
function and creation of local genomic instability, largely due to the “active” role of the L1 EN
in creating DSBs (Hedges and Deininger 2007; Goodier and Kazazian 2008). In contrast to such
insertions, the “passive” role IP events seem to be playing in the fortuitous repair of genomic
lesions gives them a role (albeit minor) in maintaining genomic stability through an RNAmediated DNA repair mechanism. L1 and Alu elements make up a significant portion of primate
genomes and have been implicated in a number of mechanisms that have led to lineage-specific
evolutionary changes. The relatively conservative estimate of the number of IP events in
hominins that we present here is due to the methods we used: restricting our computational
search to the human genome, RepeatMasker limitations described in section 3.3, host genome
tolerance, and the ≤2% divergence from the consensus sequence we allowed in order to filter for
the youngest elements. This estimate undoubtedly represents only a fraction of the total number
of IP events possible in primate genomes. The human genome contains ~1.2 million Alu
elements and ~0.5 million L1s (Batzer and Deininger 2002; Goodier and Kazazian 2008;
Comeaux et al. 2009). Using the BLAT Tables utility (Kent 2002), and filtering for Alu
elements showing divergence of 2% or less from the consensus sequence, we found 572 young
inserts in the human genome. We also found 706 L1 elements using the same criteria. Out of
twenty IP loci, we had six human-specific events, two were Alu element-based and four were L1based. Employing a similar analysis approach to that was used in Srikanta et al 2009, our data
suggest a rate of insertions among young elements by this internal priming pathway in the human
genome to be ~0.35% for Alu elements and ~0.57% or ~0.6% for L1 elements. Two percentages
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are given here for L1 element insertions as we calculated this rate using two different estimates
of the number of L1s, all L1s versus only those in the L1PA1 and L1HS subfamilies (Khan, Smit
et al. 2006; Giordano et al. 2007). Since the beginning of the radiation of the primate lineage
(~65 million years), as few as 3680 and as many as 4196 Alu elements may have inserted using
this pathway (1 AIP insertion per ~15,000-18,000 years). A similar extrapolation with L1
elements suggests that anywhere between 2833 and 3125 L1 elements have inserted in this
fashion (1 L1IP insertion per ~20,000-23,000 years).
Conclusion
In conclusion, using a combination of computational data mining and experimental
verification, we have established that the retrotransposon internal priming events seen in cell
culture also occur in vivo. Recent analyses provide evidence supporting alternative pathways to
integration for mobile elements (Morrish, Gilbert et al. 2002; Gilbert, Lutz et al. 2005;
Babushok, Ostertag et al. 2006; Kulpa and Moran 2006; Sen, Huang et al. 2007; Srikanta, Sen et
al. 2009). Internal priming events may play a role in genomic stability by repairing genomic
lesions. This mechanism is distinct from classical TPRT and an EN-independent pathway, as
distinguished by inspection of the pre-insertion and post-insertion features of the sequence
architecture. Internal priming events seem to have occurred at a much lower frequency than
either TPRT or NCI events. This is consistent with the results of in vitro assays which
demonstrated that priming upstream of the 3‟ poly-A tail results in reduced retrotransposition
(Kulpa and Moran 2006). Internal priming is an inefficient pathway, suggesting the mechanism
of insertion is occurring in trans. While the internal priming mechanism could be explained as a
variant of TPRT that we term TPRT variant, the characteristic features of these loci are more
indicative of a random integration mechanism occasionally resulting in the repair of DSBs,
which would otherwise be deleterious to the genome (Lin and Waldman 2001; Rudin and
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Thompson 2001; Hagan et al. 2003; Brugmans et al. 2007; Helleday et al. 2007; Ichiyanagi,
Nakajima et al. 2007; Wallace, Belancio et al. 2008). Overall, growing evidence from recent
analyses of such non-deleterious roles for both the L1 and Alu families is providing support for a
role for TEs in maintaining genomic stability, illuminating yet another aspect to the biology of
non-LTR retrotransposons in primate genomes.
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CHAPTER FOUR:
HEADS OR TAILS: L1 INSERTION-ASSOCIATED 5’
HOMOPOLYMERIC SEQUENCES*

*Reprinted by permission of Mobile DNA
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Background
Retrotransposons, mobile elements that move via a “copy and paste” mechanism, called
retrotransposition, are ubiquitous in primate genomes (Smit et al. 1995; Cordaux and Batzer
2009). L1s, members of the long interspersed element (LINE) family of non-long terminal
repeat (LTR) retrotransposons, comprise as much as ~17% of primate genomes, are present in
copy numbers of approximately 520,000, and have actively molded primate genomic architecture
for the last 65 million years (Smit 1996; Lander et al. 2001; Brouha et al. 2003). During their
mobilization, they generate insertions containing L1 sequence and, in some cases, transduced
sequence and deletion of adjacent genomic sequence (Moran et al. 1996; Moran et al. 1999;
Gilbert et al. 2002; Han et al. 2005). Long after insertion, however, L1s can serve as sites of
non-allelic homologous recombination, resulting in the loss, gain, and inversion of genetic
material (Han et al. 2008; Lee et al. 2008). In these ways, L1s have been shown to disrupt genes,
cause disease states, and contribute to the expansion and contraction of the genome (Belancio et
al. 2006; Konkel et al. 2007; Oliver and Greene 2009).
These autonomous retrotransposons contain a 5‟ untranslated region (UTR) with an RNA
polymerase II promoter, two open reading frames (ORFs), and a 3‟ UTR encompassing a
poly(A) tail; full-length L1s are ~6kb long (Kazazian and Moran 1998). ORF1 encodes an
RNA-binding protein with nucleic acid chaperone activity and ORF2 encodes both a reverse
transcriptase (RT) and an endonuclease (EN) (Mathias et al. 1991; Feng et al. 1996; Jurka 1997;
Kolosha and Martin 1997). The L1 EN and RT are integral to an insertion process, termed target
primed reverse transcription (TPRT), used by L1s to insert de novo copies of themselves into
their host genomes (Luan et al. 1993) (Figure 4.1a). Non-autonomous retrotransposons, like Alu
and SVA elements, use the L1 retrotransposon enzymatic machinery for their own mobilization
via TPRT (Batzer and Deininger 2002; Ostertag et al. 2003).
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Figure 4.1. Classical TPRT, twin priming, variants of twin priming, and dual priming
mechanisms. (a) A schematic of classical TPRT. The poly(A) tail of an L1 mRNA anneals to the
target site created by L1 EN. L1 RT primes at the target site and synthesizes the bottom-strand
cDNA. A subsequent second-strand nick and synthesis results in an L1 insertion with a 3‟
poly(A) flanked by TSDs. (b) Twin Priming. In this variant of TPRT, after the second-strand
nick, a site internal to the mRNA anneals to the top strand overhang. A second RT molecule
primes at this site, generating an inverted L1 cDNA. (c) This twin priming variant involves the
disengagement of the first RT before reaching the end of the poly(A) tail, resulting in an
insertion with a 5‟ poly(T) stretch, but lacking a 3‟ poly(A) tail. Like classical twin priming, this
mechanism results in an inverted L1 structure. (d) A second twin priming variant creates an
insertion with both a 3‟ poly(A) tail and a 5‟ poly(T) stretch. The first RT falls off before
reaching the end of the poly(A) tail. (e) Dual Priming. Classical TPRT involving the first
mRNA begins on the first strand. After the second strand nick, a second mRNA anneals to the
second strand and undergoes classical TPRT. Note that this panel is rotated 180° relative to the
orientation of all other panels. This is done to show that the resulting insertion will appear the
same to computational filters as the above twin priming variant.
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The classical TPRT mechanism involves a single nick on the bottom strand at a looselypreferred cleavage motif (e.g. 5‟-TTTT/A-3‟) by the EN, leaving a free 3‟ hydroxyl group at the
nick site. The L1 mRNA then anneals to the nick using its poly(A) tail and L1 RT uses this
mRNA as a template for reverse transcription beginning at the free 3‟ hydroxyl group. Top
strand cleavage, integration of the cDNA, and synthesis of a top strand complement to the cDNA
complete the insertion, leaving the structural hallmarks of classical TPRT: intact target site
duplications (TSDs), a typical EN cleavage site motif, and a variable length poly(A) tail
(Fanning and Singer 1987; Luan, Korman et al. 1993; Feng, Moran et al. 1996; Szak et al. 2002).
While full-length L1s are ~6kb in length, many L1 insertions are 5‟ truncated (averaging ~900bp
in length) and no longer able to actively retrotranspose (Kazazian and Moran 1998; Myers et al.
2002; Szak, Pickeral et al. 2002; Konkel, Wang et al. 2007). Anomalies observed in TPRTinserted copies have led to the proposal of variant mechanisms, such as internal and twin
priming, that account for non-standard sequence architecture for TPRT-inserted elements (Figure
4.1b) (Ostertag and Kazazian 2001; Gilbert, Lutz-Prigge et al. 2002; Kazazian and Goodier
2002; Kulpa and Moran 2006; Srikanta et al. 2009). Recent studies have shown that insertions
using twin priming lead to new retrogene formation, limit L1 expansion, and cause genome
instability (Ostertag and Kazazian 2001; Kojima and Okada 2009).
A recent human genome-wide analysis led to the discovery of homopolymeric thymine
(poly(T)) stretches just upstream of truncated L1 insertions (Srikanta, Sen et al. 2009). Intrigued
by these homopolymeric stretches associated with loci having many hallmarks of classical
TPRT, we performed a computational analysis of the available assembled primate genomes,
experimentally verified the resulting candidates, and describe herein the characteristics typical of
these loci (Figure 4.2a). We refer to and examine all candidate loci as poly(T) stretches 5‟ of
sense-oriented L1s, though the mechanisms we propose that may account for this appearance
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suggest that these poly(T) stretches are, in fact, the poly(A) tail of a complex retrotransposon
insertion involving inverted L1 sequence. Here we report 39 examples and, as mechanisms to
account for the observed structures, we propose two variants of twin priming that result in an
inversion-deletion of the L1 sequence and introduce dual priming, a mechanism involving the
priming of both bottom- and top-strand nicks by two different mRNAs (Figure 4.1c-e). The
resulting homopolymeric stretches generated by these events may act as sites of genomic
instability and as potential targets for future retrotransposon insertions.

Figure 4.2. Investigation of candidate loci and variations within the homopolymeric
stretches. (a) A triple alignment of pT684 to two outgroup species, the rhesus macaque and the
common marmoset. The TSDs are highlighted in grey, the poly(T) stretch in green, and the L1 is
highlighted in blue. (b) A gel chromatograph of PCR products depicting an insertion present in
humans, chimpanzees, gorillas, and orangutans, but absent in rhesus macaque and owl monkey.
(c) Internal primers were designed around the poly(T) stretches for all human-specific loci; two
loci are shown here. For each locus, HeLa DNA and a mixture of the DNA of 80 human
individuals was run out on a 4% agarose gel with 100bp and 20bp ladders. No within-species
variation in poly(T) length was observed.
Results and Discussion
Investigation of Homopolymeric Stretches at the 5‟ Ends of Mobile Elements
To determine whether the homopolymeric stretches of nucleotides at the 5‟ ends of insertions
were particular to poly(T)s, we first investigated the most complete assembled primate genome
available at the time of analysis, build hg18 of the human genome. Our computational filters
returned only those loci for which a simple repeat was found immediately upstream of an L1,
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Alu, or SVA element. Poly(A)s were found to be the most numerous followed by poly(T)s (527
and 170 loci, respectively) (Table 4.1). Poly(C) and poly(G) loci, on the other hand, were
relatively rare (1 and 5 loci, respectively). Close inspection of these loci revealed that only
Table 4.1. Computationally-derived loci from assembled primate genomes. Computational
filters were used to detect loci based on the proximity (<20bp) of simple repeats to the 5‟ end of
an L1.
H
C
O
Rh Combined:
poly(T)
poly(A)
poly(C)
poly(G)
Loci

169 183 290 276
522 646 809 909
1
4
0
0
4
9
8
1
696 842 1107 1186

918
2886
5
22
3831

poly(T) stretches were found between the 5‟ TSD and the 5‟ end of a sense-oriented
retrotransposon insertion. The numerous poly(A)s were found to be the poly(A) tails of
insertions interrupted by the insertion of another element, and were not restricted to the space
between the 5‟ TSD and the 5‟ end of an element. None of the poly(C)s or poly(G)s were found
within the TSDs and at the 5‟ ends of retrotransposon insertions. Furthermore, none of the loci
associated with Alu or SVA insertions in the human genome were found to match our criteria.
Hence, we restricted further analyses in other primate genomes to the investigation of poly(T)s
found between the 5‟ TSD and the 5‟ end of an L1 insertion. The mechanism or mechanisms
responsible appear to involve only the creation of homopolymeric thymine stretches upstream of
L1s. These observations implicate the autonomous machinery associated with L1s as necessary
components in the insertion process.
Characterization of Candidate Loci
Of the 918 loci, our computational filters produced, 54 passed our manual inspection, 39
of which also passed wet-bench verification (Table 4.2). These loci represent a total of ~37.9kb
of inserted sequence. The insertions ranged from 99 to 4697bp in total length, with an average
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length of 971bp. Insertion-mediated deletions were virtually non-existent, with a total of only
5bp deleted relative to the pre-insertion sequence. In 17 of the 39 loci, the insertion locus
contained only the poly(T) stretch and the truncated L1. The remaining 22 loci included some
non-candidate L1 sequence inserted along with the candidate L1 and poly(T) stretch. This extra
sequence ranged in size from 4 to 2263bp, with an average of 319bp, and contributed a total of
~12.5kb of inserted non-candidate L1 sequence. The proposed mechanisms described below
allow for the addition of other mRNA sequence during the TPRT event and may account for the
observed non-candidate L1 sequence in these loci. For example, recent studies have described
retrogene formation through the twin priming mechanism, though analysis of our non-candidate
L1 sequence did not find evidence of this (Ostertag and Kazazian 2001; Kojima and Okada
2009). We believe none of our loci resulted in transduced sequence, and extra sequence inserted
with our candidate L1s likely represents “filler” DNA (Roth et al. 1989; Kojima and Okada
2009). The TSDs ranged in length from 7 to 20bp, with an average of 14bp. The 5‟ poly(T)
stretches ranged from 14 to 39bp, with an average of 23bp. These poly(T) stretches were subject
to nucleotide substitutions, as expected with any sequence, but appeared relatively wellconserved as non-(T) nucleotides contributed only 3.6% of the total length of all poly(T)s (33 of
911bp). A comparison of poly(T) lengths among orthologs revealed evidence for some postinsertional modification (Figure 4.2b). However, further inspection of our human-specific loci
through gel electrophoresis and Sanger cycle-sequencing showed no variation between
individuals (Figure 4.2c). The candidate L1s ranged from 61 to 2399bp, with an average length
of ~615bp (Table 4.2). None of our candidate loci were intragenic and they appear to have
inserted randomly throughout the genome. While we find no full-length L1s in our dataset, the
limited number of loci and likely biases of our proposed mechanisms against full-length
insertions make this unsurprising.
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Table 4.2. Candidate loci and insertion site characteristics.
Locus
pT44

Coordinates
chr1:80856707-80866878

TSD
14

L1 bp ins
653

Non L1 seq
487

Poly(T)
23

Lineage
H

pT79

chr11:104048005-104058372

11

1960

1599

25

H

pT415

chr3:181306257-181316602

16

339

0

29

H

pT512

chr5:83637882-83648058

18

1406

1165

26

H

pT546

chr6:69193896-69204810

16

927

0

23

H

pT439

chr3:62933035-62943400

9

1116

758

21

HC

pT684*

chr7:117312394-117332534

14

157

0

20

HC

pT1313

chr3:147198235-147208351

17

369

257

23

C

pT1350

chr6:55186000-55196486

15

470

14

32

C

pT1362

chr7:89293399-89303535

9

2399

2263

26

C

pT1389

chr9:97107198-97117833

14

691

68

20

C

pT43

chr1:72796354-72806494

16

112

0

24

HCG

pT1223

chr1:59822991-59833038

17

1022

4

20

HCG

pT1279

chr18:44020257-44030483

15

2015

1813

18

HCG

pT144

chr13:101611291-101621562

8

1145

866

22

HCGO

pT145

chr13:104133249-104143781

11

529

0

22

HCGO

pT325

chr2:101586549-101596728

16

181

0

27

HCGO

pT424

chr3:199260458-199270665

14

734

536

18

HCGO

pT458

chr4:172846531-172856775

17

234

4

19

HCGO

pT1309

chr2b:226703516-226713749

13

228

0

24

HCGO

pT1448

chr11:86639999-86650182

9

182

0

30

HCGO

pT1404

chr1:181059564-181069827

15

913

654

23

O

pT1416

chr1:7600379-7611178

13

791

0

21

O

pT1431

chr11:100399372-100409835

10

456

12

21

O

pT1465

chr13:57849422-57859574

15

175

27

17

O

pT1535

chr2a:44695595-44705774

15

165

0

23

O

pT1538

chr2a:70854440-70864821

11

377

0

23

O

pT1554

chr2b:66983758-66993962

17

174

20

21

O

pT1709

chr10:72142313-72152683

13

379

0

21

Rh

pT1712

chr11:100852416-100862528

20

105

0

34

Rh

pT1743

chr13:4175512-4185626

13

98

0

19

Rh

pT1785

chr17:40754900-40765052

15

1390

1244

34

Rh

pT1790

chr17:68109266-68119556

14

294

0

39

Rh

pT1798

chr18:71236237-71246385

7

252

118

19

Rh

pT1834

chr3:159608718-159618930

17

457

257

14

Rh

pT1846

chr3:75648970-75659040

14

61

8

16

Rh

pT1855

chr4:153605855-153616110

17

252

0

21

Rh

pT1896

chr6:3989032-3999144

15

97

0

36

Rh

pT1796

chr18:36523812-36534192

9

665

294

17

HCGORh

* Indicates locus previously described in (Srikanta, Sen et al. 2009).
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Alignment to Ancestral Full-Length Consensus Sequences and Subfamily Contributions
Most L1s in the genome are 5‟ truncated, and L1 3‟ truncation is relatively rare (Kazazian
and Moran 1998; Ostertag and Kazazian 2001; Myers, Vincent et al. 2002; Brouha, Schustak et
al. 2003). In all but two of our loci, the L1s were found to have substantial 5‟ truncations,
aligning close to or at the 3‟ end of their corresponding consensus sequence. The two exceptions
to this trend are pT1309 and pT1362, which are heavily 3‟ truncated and align near, but not at,
the beginning of their respective consensus sequences. In 11 of the 37 heavily 5‟ truncated loci,
a short but identifiable section of the poly(A) tail is present. The remaining 26 loci, while
aligning near the 3‟ end of the consensus, do not reach the poly(A) tail, and are therefore 3‟
truncated as well (Figure 4.3).
The pre-insertion structure of each locus was determined through triple-alignment with
its orthologs in two outgroups that did not contain the insertion (Figure 4.2a). Two New World
monkeys (Haplorrhines), the common marmoset and owl monkey, were used as outgroups when
investigating Catarrhine-specific loci (those shared between humans, chimpanzees, gorillas,
orangutans, and Old World monkeys). Haplorrhine-specific loci, however, were not investigated
in this study, and though loci shared between the Catarrhines and Haplorrhines were recovered
by our computational filters (data not shown), these were excluded from our analyses because a
suitable, sequenced outgroup lacking the insertions was not available. Our findings that these
loci occur throughout the region of the primate tree investigated, in both lineage-specific
instances and as shared insertions dating from before the divergence of Haplorhines and
Catarrhines (~40 mya) (Smit, Toth et al. 1995; Goodman et al. 1998), suggest that whatever
mechanism or mechanisms cause this distinct sequence architecture has occurred in primate
lineages from ancient to recent times.
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Figure 4.3. Alignment of candidate L1s to their L1 consensus sequences. Schematic of the
position of each candidate L1 when aligned against an L1 consensus sequence. Stars indicate
that the 3‟ end of the locus aligns to a portion of the poly(A) tail in the consensus. Loci are
color-coded to indicate in which species each was found.
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Analysis of the Junctions within Poly(T) Loci: Microhomology and Target Site Analyses
Inspection of microhomology at the junctions between TSDs and inserts is useful in
distinguishing between competing mechanisms (Ostertag and Kazazian 2001; Han, Sen et al.
2005; Zingler et al. 2005; Sen et al. 2007). We analyzed the microhomology of three junctions
within each locus: the points where the TSDs met the insertion, both 5‟ and 3‟, as well as the
internal point where the poly(T) stretch met the L1 insertion (Figure 4.4a). For the 5‟ junctions,
we reverse complimented our sequences, which allowed us to examine our loci as if the
candidate L1s had been inserted in the antisense fashion. We found significant microhomology
(p-value <0.001) at positions one through four of the 3‟ insertion junction and at all six of the
positions analyzed at the 5‟ insertion junction. There was no significant microhomology found at
the internal junction between the poly(T) stretch and the truncated L1 (Figure 4.4a, b). To verify
the position of the internal junction and reduce any errors attributable to RepeatMasker, we
aligned the reverse-complemented poly(T) stretch and 50bp downstream to an L1 consensus
sequence. If RepeatMasker had miscalled the end of the L1 element, we should have been able
to align some portion of this reverse complemented stretch to the 3‟ end of the L1 consensus. As
we were unable to find any alignment between these sequences and the 3‟ end of the consensus,
we concluded that our internal junctions were correctly identified. We further suggest that the
internal junction was repaired using non-homologous end-joing (NHEJ), rather than finding
microhomologous points.
A comparison of the target sites of our loci to the canonical TPRT L1 EN cleavage site
(5‟-TTTT/A-3‟) was also performed in order to determine whether L1 EN was involved in the
production of these loci. When our loci were oriented such that our candidate L1s were in the
sense orientation, the 3‟ junctions did not closely match the expected pattern. However, when
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Figure 4.4. Microhomology and comparison of insertion site characteristics of each locus.
(a) An analysis of the microhomology of the six nucleotides adjacent to each insertion junction
(with “1” indicating the nucleotide closest to the insert) to the corresponding sequence in the
putative mRNA. Exclusion of a junction from analysis is indicated by a (-) and positions where
microhomology is found are shaded grey. Those positions at which significant microhomology
were found are highlighted in blue. (b) A binomial distribution analysis of the 6bp at each
junction revealed significant microhomology at both the 3‟ and 5‟ junctions of the insertions. No
significant microhomology was found at the internal junction. P-values highlighted in blue are
significant at p<0.001. (c) A WebLogo analysis of the 6bp found at the 3‟junction. The logo
supports our finding of microhomology at this junction, and is consistent with the expected motif
at the L1 EN cleavage site.
this analysis was performed on the reverse complement of the 5‟ junction, we found almost no
deviation from the canonical EN cleavage site (Figure 4.5). This finding is emphasized by a
sequence logo of the 5‟ ends of our TSDs showing a strong preference for (T)s at the first five
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positions of that junction (Figure 4.4c) (Crooks et al. 2004). This is consistent with a process
involving L1 enzymatic machinery and suggests that our candidate L1s were actually inserted in
the antisense orientation and that the poly(T) stretch is a portion of the poly(A) tail of the
insertion.

Figure 4.5. L1 EN cleavage site analyses at the 5’ and 3’ junctions. For both the 5‟ and 3‟
target sites of each locus, the last four nucleotides of the target site and first nucleotide of the
flanking sequence were compared to the canonical L1 EN cleavage motif (5‟-TTTT/A-3‟). To
investigate the possibility that the candidate L1s were inserted in the antisense orientation, the 5‟
target site was reverse complemented and analyzed. The black bars show the frequency of each
divergence value at the 3‟ target site among our 39 loci, while the blue bars show values for the
5‟ target sites. The 3‟ target sites show more divergence from the typical EN cleavage motif than
the 5‟ target site.
Elimination of Possible Mechanisms that could account for Observed Sequence Architecture
Several possible insertion mechanism variants were considered as potentially leading to
the distinct sequence architecture observed at these loci. First and most simply, these loci could
be the result of assembly errors in the published genomes. Rigorous inspection of sequences
across all available primate genomes, as well as PCR verification and sequencing eliminated
assembly error as a possible explanation. Homopolymeric stretches are known to expand and
contract as a result of post-insertion modification (e.g. strand slippage) (Levinson and Gutman
1987; Schlotterer and Tautz 1992; Arcot et al. 1995), and this may be advanced to explain the
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poly(T) stretches associated with our loci. We did find evidence of such modifications when we
sequenced loci after PCR amplification on primate panels while investigating between-species
variation. However, the variation did not exceed 10bp. In the most extreme case of this type of
modification (pT458), an ortholog to a 19bp poly(T) stretch in the human was found to be only
9bp in the chimpanzee after sequencing. Most loci in our dataset, however, showed less
variation among orthologs. Also, when we analyzed the variation in poly(T) lengths within the
human species for each human-specific locus in the data set, no differences in size among
individuals were found (Figure 4.2c). In addition, post-insertion modification would be expected
to act on other homopolymeric stretches (poly(A)s, poly(C)s, and poly(G)s) with equal
frequency. Furthermore, stretches associated with L1s should be just as likely as those
associated with Alu and SVA elements to expand in this manner. Our data indicate that this
phenomenon is restricted to poly(T) stretches and we have only recovered loci matching the
described sequence architecture from candidates involving L1s. Therefore, while we
acknowledge that homopolymeric stretches may undergo expansion and contraction, we reject it
as an explanation accounting for the full length of our poly(T)s and the specific characteristics of
our loci.
After eliminating assembly errors and post-insertional modification as possible
mechanisms for this phenomenon, we searched for known mechanisms by which these structures
may be formed. Non-template base addition, RNA editing, and the activity of terminal
transferase have all been shown to add extra sequence onto the 5‟ ends of L1 insertions (Garcia
et al. 2004; Kiss et al. 2004; Gilbert et al. 2005). However, these mechanisms result in relatively
short stretches of added nucleotides, which is inconsistent with the large poly(T) stretches seen
in this study. The RT of HIV has been shown to undergo a reiterative mode of DNA synthesis
resulting in repetitive sequences not present in the template of a range of lengths inclusive of
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those we see in the poly(T) stretches of our loci (Ricchetti and Buc 1996). While theoretically
possible, this activity has not been reported in association with any L1 RT. Additionally, this
mechanism requires specific motifs in the template at the site of the reiterative synthesis and we
found no significant microhomology at our internal junctions (Figure 4.4a, b) (Ricchetti and Buc
1996).
This led us to speculate about the possible involvement of cryptic promoter activity to
explain the observed patterns (Ling et al. 2004). A cryptic promoter immediately upstream to a
pre-existing stretch of poly(T)s, which was itself upstream of an L1, could result in a 5‟ stretch
of poly(T)s in a de novo insertion.

Alternatively, a cryptic antisense promoter located 3‟ to an

L1 locus could be hypothesized to generate an antisense L1 mRNA including some 3‟ flanking
sequence at its 5‟ end. Once reverse transcribed, this mRNA would produce a de novo insertion
corresponding to the sequence architecture we see in our loci. In this scenario, the poly(A) tail
added to the mRNA prior to insertion would appear to be a 5‟ poly(T) stretch if the candidate L1
is viewed in the sense orientation. This would also account for why we see non-candidate L1
sequence at the 3‟ ends of 22 of our 39 loci. However, this mechanism should also be easily
identifiable by locating the original sequence, including the downstream antisense promoter,
elsewhere in the genome. In all 22 cases involving non-candidate L1 sequence, original loci
were not able to be reliably located, and we therefore conclude that cryptic promotion, while
possible, is inconsistent with our observations.
Twin Priming Events Resulting in Inverted Poly(A) Tails
Subsequently, we considered twin priming, a mechanism which did not at first appear to
be consistent with the patterns we observed in our loci. This mechanism results in L1 inversions
accompanied by internal deletions to the L1 sequence (Ostertag and Kazazian 2001; Gilbert,
Lutz-Prigge et al. 2002; Symer et al. 2002). In this mechanism, the L1 mRNA anneals using its
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poly(A) tail to the bottom strand EN nick site and an RT primes at this location and begins to
synthesize the L1 cDNA exactly as in classical TPRT (Figure 1a). However, once the top strand
is nicked, generating a 3‟ overhang, this model proposes that a position internal to the mRNA
may anneal to the overhang, allowing a second RT molecule to prime and begin synthesizing
cDNA in the antisense orientation on the top strand. The resulting twin priming insertion is
characterized by TSDs bounding two inverted fragments of the same L1 and containing an
internal deletion of the L1 sequence (Figure 4.1b). An assumption of the twin priming
mechanism is that the second strand nick must occur before first strand reverse transcription is
completed (Ostertag and Kazazian 2001; Kojima and Okada 2009).
In light of our microhomology results, it seems likely that the poly(T) stretches at the 5‟
ends of our L1s are, in fact, the poly(A) tails of the L1 insertions as reverse transcribed by the
first RT molecule of a twin priming event. To remain consistent with our observed sequence
architecture, the first RT molecule must cease reverse transcription prior to the end of the
poly(A) tail of the mRNA, while the second, top-strand RT molecule of the twin priming event
synthesizes a portion of the L1. The resulting insertion would take the form of an antisense L1
followed by a sense-oriented poly(A) tail, the anti-parallel strand of which would present a
poly(T) stretch at the 5‟ end of an L1 (Figure 4.2a). Our candidates would not have been
detected in previous studies of twin priming because these studies were specifically focusing on
loci containing two inverted L1 fragments within TSDs. Below, we discuss variations of the
standard twin priming model that may more accurately portray mechanisms that would result in
the observed patterns.
The target site analyses and microhomology results we obtained implicate a variant of
TPRT as the mechanism generating these loci. We found significant microhomology at the 5‟
end of the poly(T) stretch and the 3‟ end of the L1 insertion. Interestingly, it is not the 3‟ target
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site that closely resembles the canonical L1 EN cleavage site, but the complementary sequence
of the 5‟ target site nearest the stretch of poly(T)s. As described above, our analysis of the
reverse-complemented sequence adjacent to the poly(T) stretch recovered no evidence of
inverted L1 sequence at this junction. While previous twin priming studies found some
microhomology at the internal junction, this was usually less than that found at the target site,
and in some cases, no microhomology was found (Ostertag and Kazazian 2001; Kojima and
Okada 2009). One explanation that may account for this appearance involves the poly(A) tail of
the element being reverse transcribed, but assumes that this first RT disengages prior to exiting
the tail and entering the L1 sequence proper. The other priming event, occurring internally on
the mRNA, then synthesizes a portion of the L1 cDNA. When viewed with the candidate L1 in
the sense orientation, the poly(A) tail is reverse complimented, forming a stretch of poly(T)s
located 5‟ to the L1 (Figure 4.1c). To determine if a short portion of non-inverted L1 sequence
was found after the poly(T) stretches, a simple check involving an alignment of the reverse
complement of the poly(T) stretch and following 50bp of our insertions to an L1 consensus could
find no match to the 3‟ end of the consensus.
Eleven loci include short portions of a poly(A) tail at the 3‟ end of the sense-oriented L1
sequence (Figure 4.3). For these loci, we propose a twin priming variant in which the poly(A)
tail of the mRNA was long enough to be the site not only of the initial priming event on the
bottom strand, but also the site of the internal priming event on the top strand (Figure 4.1d).
These two twin priming variants adequately explain all of our observed loci except those that
align close to the 5‟ end of their consensus sequence (pT1309 and pT1362). We conclude,
therefore, that twin priming variants involving one transcription event that does not leave the
poly(A) tail could provide a potential explanation of the observed sequence morphology.
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Dual Priming
We speculate that another mechanism, which we term “dual priming”, could result in the
same sequence characteristics described above. This mechanism involves two mRNAs
annealing to the two nick sites. The first mRNA anneals to the bottom strand and undergoes
normal TPRT, generating a sense-oriented L1 cDNA. After the top strand nick occurs, a second
mRNA molecule may anneal with its poly(A) tail to this top strand overhang, allowing a second
RT molecule to prime and generate a cDNA in the antisense orientation on the top strand (Figure
4.1e). If this top strand RT molecule disengages prior to exiting the poly(A) tail of its mRNA, it
would create the same sequence architecture predicted by the twin priming variants. We are
unable to distinguish between the twin priming and dual priming mechanisms given the current
data set. The computational filters used generated loci in which the gap between the poly(T)
stretch and candidate L1 was ≤20bp, limiting the size of potentially identifiable non-inverted
mobile element sequence, making its identification via BLAT or RepeatMasker impossible at the
time of analysis. The authors hope future studies will validate the dual priming mechanism.
We found no microhomology at the internal junction of our loci; this aspect is less
consistent with the pattern of twin priming insertions observed in previous studies (Ostertag and
Kazazian 2001; Kojima and Okada 2009). If dual priming occurs, microhomology should also
be expected at the internal junction between the two cDNAs. This lack of microhomology at our
internal junctions suggests that it is unnecessary for either of these mechanisms. A recent study
of the effects of the NHEJ pathway on LINE retrotransposition implicated these proteins in the
joining of the 5‟ ends of TPRT-mediated insertions (Suzuki et al. 2009). In a twin or dual
priming mechanism, the analogous position to the 5‟ end of a classical TPRT-mediated insertion
is the internal junction. It was also indicated that NHEJ involvement resulted in truncation, a
characteristic shared by all 39 of our loci. We therefore speculate that repair at this junction
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may, at least sometimes, be facilitated by NHEJ pathways instead of microhomology-dependent
pathways (Gottlich et al. 1998; Ostertag and Kazazian 2001; Suzuki, Yamaguchi et al. 2009).
Conclusions
A growing body of research has shown that L1 insertions have shaped the genomic
landscape across the Mammalia (Deininger et al. 2003; Cordaux and Batzer 2009). Recent
insights into variations in integration pathways have added a deeper level of understanding of the
dynamism lent by mobile elements to the genome. Our loci appear to have inserted via a
mechanism or mechanisms that make use of TPRT, but result in non-standard insertion
structures. Through a combination of computational data mining, PCR analysis, and Sanger
cycle-sequencing, we have characterized a set of 39 truncated L1s with a poly(T) stretch at the 5‟
end of the insertion. Our analyses of the lineages throughout which our loci occur show that this
phenomenon is not specific to a particular lineage or period of retrotransposon expansion. These
features are largely consistent with twin or dual priming, but the lack of microhomology at the
internal junction may suggest a role for NHEJ proteins in the repair process. The
homopolymeric stretches resulting from these insertion events could act as sites of instability,
contributing to genomic fluidity (Shibata et al. 1994; Denver et al. 2005; Paoloni-Giacobino and
Chaillet 2007). This study further illustrates the impact L1s have on their host genomes and adds
to the diversity of insertion mechanisms.
Methods
Computational and Manual Inspection of Candidate Loci
We first downloaded RepeatMasker output for the hg18 assembly using the University of
California atSanta Cruz (UCSC) Table Browser utility (Smit 1996-2004; Kent et al. 2002).
Next, we used in-house Perl scripts to find all loci at which RepeatMasker identified a simple
repeat (poly(A), poly(T), poly(C), or poly(G)) within 20bp upstream of either an L1, SVA, or
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Alu element, resulting in 3831 computationally-derived loci. The anti-sense alternative of each
possibility was also accounted for in the scripts. The nibFrag utility bundled with the BLAT
software package (Kent 2002) provided sequence for each locus, including 5000bp flanking
sequences both up- and downstream of the locus. We used a local installation of RepeatMasker
to scan our loci on the sensitive setting in order to provide more accurate calls for repeats in
these sequences (Smit 1996-2004). After screening the human genome, it was determined that
no locus involving an upstream poly(A), poly(C), or Poly(G) signal was found to match our
search criteria, and that these loci would likely make up an insignificant number of targets in the
non-human genomes as well. Thus, poly(A)s, poly(C)s, and poly(G)s were excluded from
further analysis. Alu and SVA elements were also not found to be involved loci matching our
search criteria and were eliminated from the screenings of the chimpanzee, orangutan, and rhesus
macaque genomes. The common marmoset genome (calJac1) was not used as a source of loci
because, at the time of publication, this genome was only available in contig form as opposed to
the fully assembled primate genomes. However, it was used during the manual inspection of
loci. In all, this computational filtering process produced a set of loci from the four assembled
primate genomes (human (hg18), chimpanzee (panTro2), orangutan (ponAbe2), and rhesus
macaque (rheMac2)) numbering 918 (Table 4.1).
These computationally-derived loci with added flanking sequence were then used to
query the possible outgroup genomes (human, chimpanzee, orangutan, rhesus macaque, and
common marmoset) using the BLAT software suite (Kent 2002). A triple alignment of each
locus with two outgroups lacking the insertion was created to analyze the local pre-insertion and
post-insertion sequence architecture (Supplemental Data). In these triple alignments, we scanned
for the presence of TSDs and for any target-site deletions present in the pre-insertion sequence,
but absent following the L1 insertion. Additionally, we identified repeated loci that had been
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mined from different genomes, but which were orthologous, making sure to only count each
locus once, regardless of how many species by which it was shared. We kept for further analysis
all loci, regardless of the age of the associated L1 element, as long as the integration events had
easily reconstructed pre-insertion sequence architecture.
We chose to retain for experimental validation the 54 loci that matched the following four
criteria: presence of TSDs ≥6bp in length, verifiable pre-insertion sequence structure in at least
one other primate genome, presence of a poly(T) stretch touching the 5‟ TSD and within 20bp of
the 5‟ end of the candidate L1 insertion. All analyses were performed by orienting the candidate
L1 in the sense-orientation, unless otherwise specified.
PCR Amplification and Sequencing to Authenticate Candidate Loci
We PCR-amplified all loci on a panel of primate genomes, and sequenced all ambiguous
loci and 20% of the locus set obtained from each genome. We designed primers for each locus
using the Primer3 utility (Rozen and Skaletsky 2000) and performed PCR in 25µl reactions using
15-25ng genomic DNA, 0.28µM primer, 200µM dNTPs in 50mM KCl, 1.5mM MgCl2, 10mM
Tris-HCl (pH 8.4), and 2.5 units Taq DNA polymerase. Thermocycler programs were as
follows: 95°C for 2 min (1 cycle), [95°C for 30 sec, optimal annealing temperature for 30 sec,
72°C for 2 min] (35 cycles), 72°C for 10 min (1 cycle). PCR products were visualized on 1-2%
agarose gels stained with ethidium bromide. For PCR fragments with expected lengths larger
than 1.5kb, ExTaq™ (Takara) was used according to the manufacturer‟s specified protocol. All
loci were amplified from the following genomic DNAs: Homo sapiens (HeLa; cell line ATCC
CCL-2), Pan troglodytes (common chimpanzee “Clint”; cell line Coriell Cell Repositories
NS06006B), Gorilla gorilla (Western lowland gorilla; cell line Coriell Cell Repositories
AG05251), Pongo pygmaeus (orangutan; cell line Coriell Cell Repositories GM04272A),
Macaca mulatta (rhesus macaque; cell line Coriell Cell Repositories NG07109), and Aotus
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trivirgatus (Owl monkey; cell line ATCC CRL-1556). In some cases, primate panel
amplification did not work with the orangutan genomic DNA and we achieved successful
amplification using two alternative orangutan individuals, Pongo pygmaeus (Bornean orangutan;
cell line Coriell Cell Repositories AG05252) and Pongo abelii (Sumatran orangutan; cell line
Coriell Cell Repositories 12256).
Each human-specific locus was analyzed to determine whether the candidate insertion
was polymorphic within a panel of 80 individuals (20 African Americans, 20 Asians, 20
Europeans, and 20 South Americans). These loci were further investigated to determine the
length and within-species variability of their poly(T) sequences using internal primers and a
pooled DNA sample comprised of the 80 individuals used above. PCR amplicons of each
poly(T) sequence and <50bp flanking in each direction were size fractionated on 4% high
resolution agarose gels to check for length differences within humans. Primer sequences are
available from the Publications section of the Batzer laboratory website (http://batzerlab.lsu.edu)
(Supplemental Data).
Outgroup loci were sequenced directly from the PCR amplicons after cleanup using
Wizard® gel purification kits (Promega Corporation) or ExoSAP-IT® (USB Corporation). The
poly(T) loci could not be sequenced directly from PCR products and were cloned into vectors
using the TOPO TA (fragments <2kb) cloning kit (Invitrogen). Following cloning, two to four
colonies were randomly selected for colony PCR. Those colonies that appeared to contain the
insert were then mini-prepped using the manufacturer‟s protocol (5PRIME). Sequencing results
were obtained using an ABI3130XL automated DNA sequencer and analyzed using BioEdit
(http://www.mbio.ncsu.edu/BioEdit/page2.html) and the SeqMan and EditSeq utilities from the
DNAStar® V.5 software package. Close inspection of the flanking sequence and the results of
PCR were used to confirm the pre-insertion sequence for each locus from a minimum of one
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outgroup genome. Sequences generated in this study have been deposited in GenBank under
Accession Nos. GQ477185–GQ477273.
Microhomology and L1 Endonuclease Cleavage Site Analyses
The 6bp of the 3‟ TSD closest to the insert were compared to the corresponding sequence
at those positions in an alignment of each candidate L1 fragment to the L1 consensus in the
manner described in Sen et al (Sen, Huang et al. 2007). The 3‟ junctions of some loci were
excluded from analysis if non-candidate L1 sequence was included in the insert. At the internal
junction between the poly(T) stretch and the 5‟ end of the candidate L1, the first 6bp of the L1
were compared to the last 6bp of the poly(T), and the internal junction of a locus was excluded if
any non-candidate L1 sequence was found between the poly(T) stretch and candidate L1.
EN cleavage site analysis of the 3‟ target site of each locus for similarity to the preferred L1 EN
cleavage motif (5‟-TTTT/A-3‟) was carried out by comparing this motif to the first four bases of
the reverse complemented TSD and the first base of the flanking sequence. Differences in base
composition were scored with transitions given a weight of 0.5 and transversions given a weight
of 1.0 (Han, Sen et al. 2005; Zingler, Willhoeft et al. 2005). The frequency of divergence from
the L1 EN cleavage site was then calculated.
The above analyses were performed on the loci with the candidate L1s in the sense
orientation. To investigate the possibility that the candidate L1s were inserted in the antisense
orientation, both microhomology and EN cleavage site analyses were repeated on the reverse
complements of our sequences. In these cases, the 5‟ junctions closest to the poly(T) stretches
were analyzed as if they were 3‟ poly(A) stretches.
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CONCLUSION
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Introduction
Originally considered “junk DNA”, mobile element research has shown that repetitive
DNA has been the source of much variation in a diverse group of organisms. Mobile elements
can wreak havoc upon a genome, but can also play beneficial roles as well (Brookfield 2005;
Hedges and Deininger 2007; Sen, Huang et al. 2007; Sorek 2007; Srikanta, Sen et al. 2009).
Though there are many questions yet to be answered, the time and cost to publish a genome
sequence has decreased considerably, and continues to do so, providing answers which will
come sooner rather than later. Understanding how retrotransposon insertions impact the genome
will aid in further analysis, and this dissertation specifically focuses on de novo insertions
resulting from non-canonical insertion mechanisms.
Summary
In chapter two, we examined a mechanism proposed for L1 elements from cell culture
data, and questioned whether or not a non-autonomous element, Alu, could also use the same
endonuclease-independent (EN-) pathway (Srikanta, Sen et al. 2009). We identified twentythree insertions through triple alignment of three genomes at each locus (human, chimpanzee and
rhesus macaque) and experimentally verified the presence of all loci. We proposed that, similar
to the L1 (EN-) pathway, Alu elements could utilize this endonuclease-independent pathway to
repair DNA double-strand breaks. Through a detailed inspection by computational and
experimental methods, we found distinct sequence architecture associated with these events,
highly dissimilar from classical TPRT-mediated insertions (Figure 5.1, Table 5.1). As a
consequence of the different insertion mechanisms, we also see different outcomes of these
events. TPRT-mediated insertions are associated with deleterious changes to the genome
whereas this endonuclease-independent pathway could be playing a positive role by maintaining
genome stability.
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Figure 5.1. Examples of sequence data of insertion events. A. This is a typical Alu element
insertion. It is approximately 300bp in length (green), flanked by TSDs (blue boxes), and
contains a variable length poly(A) tail. B. In contrast, a non-classical Alu element insertion is
truncated, does not have TSDs or a poly(A) tail. C. An internal priming event using an L1 or
Alu element is truncated, has TSDs, but no poly(A) tail. D. L1 insertion-associated 5‟
homopolymeric stretches most likely occur due to twin priming. These insertions have a short,
inverted poly(A) stretch (orange) 5‟ of a sense-oriented truncated L1 (green). Flanking sequence
for all examples is highlighted in lilac.
Chapter three presented an analysis of internally primed L1 and Alu elements, a process
previously characterized in cell culture (Kulpa and Moran 2006). Identification of twenty
insertions, all of which showed little to no loss of genomic DNA upon insertion, supported a
variant of classical TPRT as the method of insertion (Srikanta, Sen et al. 2009). Like nonclassical Alu insertions, this mechanism may repair genomic lesions, though evidence suggests
that it may also cause genome instability. This mechanism has characteristics distinguishable
from TPRT and an EN-independent pathway, but also seems to have occurred at a much lower
frequency. The majority of L1 insertions occur in cis, while the majority of Alu insertions occur
in trans; basically, L1 enzymatic machinery prefers L1s over other RNAs (Wei, Gilbert et al.
2001). The internal priming mechanism suggests that all of these insertions could be occurring
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in trans. This could indicate this is an inefficient method of insertion when comparing to typical
L1 insertions.
In chapter four, we found evidence for a variant of twin priming, which itself is a
derivation of classical TPRT (Figure 5.1, Table 5.1). Elements integrating using this mechanism
have distinct sequence characteristics. Previous studies suggested that variants may occur, but
were unable to be studied due to the constraints of the search criteria (Ostertag and Kazazian
2001; Kojima and Okada 2009). Our criteria caught only those insertions where the inverted
poly(A) abutted the sense-oriented L1. Data mining, PCR, and Sanger cycle sequencing allowed
us to ascertain the length of the poly(T) stretches and characterize our insertions. We identified
thirty-nine L1 and Alu element insertions in Catarrhines (dating back to Old World Monkeys,
but excluding New World monkeys) and proposed two twin priming variants and introduced a
new mechanism, dual priming, which could have resulted in the same characteristics. The lack
of microhomology found at the internal junction suggests a role for a non-homologous endjoining repair pathway. Unlike insertion events using the endonuclease-independent pathway
described in chapter two, or the internal priming pathway described in chapter three, these
insertions include short homopolymeric stretches, which can act as sites of instability, and lead to
more genomic fluidity rather than stability.
Table 5.1. Summary of insertion site characteristics. The characteristics used as search
criteria are listed in the table below the typical insertions figures and are broken down by
mechanism.

TSDs
poly(A) tail
EN cleavage site
Microhomology

TPRT





NCAI





Internal Priming





Twin Priming

(inverted)



In summary, retrotransposons and their hosts interact in many different ways, leading to
distinct insert sequence architecture. In this dissertation, I have analyzed three mechanisms that
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result in unmistakably different characteristics of retrotransposon insertion across primate
genomes. Though this research is specific to primates, the retrotransposons insertion
mechanisms described can be widely applicable to other genera. Mobile elements impact their
hosts in a variety of ways and these studies sheds new insight on three mechanisms, some
previously described, some only hypothesized, and provides evidence for the existence of each
one using the publicly available primate genomes.
Future Direction
The field of mobile element biology is rapidly evolving and recent research is proof of
the exciting directions it may take. A 2009 study suggests a way to protect the human body from
invading HIV-1 through the use of retrocyclins, a defensin encoded in the human genome, but
not expressed due to a mutation (Venkataraman N 2009). These retrocyclins play a role in
fighting HIV-1 and bacterial organisms, and could someday have a role, or have played a role in
the past, in host defense against mobile elements (possibly HERVs in particular). L1 element
retrotransposition has been shown in neuronal progenitor cells, possibly causing differences in
neurogenesis or neural function (Coufal et al. 2009). Furthermore, Alu elements have been
shown to exonize, and were proposed as the reason for the expansion of NARF (nuclear prelamin
A recognition factor) (Lev-Maor et al. 2003; Moller-Krull et al. 2008). SINE B2s have been
shown to act as boundary elements during organogenesis, and the authors suggest they could also
be affecting gene regulation in humans and mice as well (Lunyak et al. 2007). There is also
evidence for co-evolution of microRNAs and Alu repeats. The miRNA is duplicated as Alu
RNA proliferates, causing a decline in Alu retrotransposition rate, which creates a self
controlling mechanism (Lehnert et al. 2009). The first clear example of a coding protein
evolving from a TE was centromere protein B (Jurka, Kapitonov et al. 2007). Since then at least
100 protein coding genes in mammalian genomes have been shown to have been derived from
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mobile elements (Jurka, Kapitonov et al. 2007). Peaks of retrotransposition radiation and
evolutionary changes occurred at roughly similar times, suggesting retrotransposons were
somehow involved in speciation (Jurka, Kapitonov et al. 2007). Which came first: mobile
element radiation or species diversification?
Primate comparative genomics will continue to provide a rich source of material with
which to study the impact of mobile elements. These elements have played many roles and
inserted into the genome in a variety of ways, and understanding their insertion mechanisms
sheds light on how they interact with the host genome. This insight can prove beneficial when
trying to harness mobile elements as therapeutic agents (i.e. a delivery system for siRNA using
L1s in human cells), or just understanding “private” insertions (Yang, Zhang et al. 2005;
Cordaux 2009). It has been suggested that mobile element activity was a prerequisite for the
mammalian radiation, and proposed that epigenetic mechanisms appeared as responses to mobile
element threats (Oliver and Greene 2009). The dynamic between genomic hosts and their
mobile element “parasites” is changing, and the host-parasite paradigm needs to be reevaluated.
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APPENDIX A:
ABBREVIATION LIST
TPRT Target-primed reverse transcription
L1s Long Interspersed Element-1
EN Endonuclease
RT Reverse transcriptase
NCAI Non-classical Alu insertions
NCLI Non-classical L1 insertions
IP Internal Priming
L1IMD L1-insertion mediated deletion
PCR Polymerase Chain Reaction
TE Transposable element
LTR Long Terminal Repeat
SINE Short Interspersed Element
SVA SINE-r; VNTR; HERV-like region
VNTR Variable number of tandem repeats
HERV Human endogenous retrovirus
UTR Untranslated region
ORF Open reading frame
IS Intergenic spacer
TSD Target site duplication
RM RepeatMasker
BLAT Blast-like Alignment Tool
NHEJ Non-homologous end joining
DSB Double-strand break
IVRR in vivo RNA recombination
SDSA Synthesis –dependent strand annealing
AIP Alu Internal Priming
L1IP L1 element Internal Priming
HS Human Specific
HIV Human Immunodeficiency Virus
NARF Nuclear prelamin A recognition factor
ME Mobile element
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